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ABSTRACT 
Reversed-Phase and Hydrophilic Interaction Chromatography Columns for Size-
Exclusion Chromatography 
 Anna Maria Caltabiano 
Joe Preston Foley, Ph.D. 
Reversed-phase (RP) and hydrophilic interaction chromatography (HILIC) columns are 
very attractive for size-exclusion chromatography (SEC) separations because they are 
highly efficient, robust and rugged, and can provide short analysis times. These columns 
are mechanically strong, compatible with all organic solvents and water, stable at low and 
moderately high pH, require short equilibration times, and are relatively inexpensive. The 
feasibility of using common RP (e.g., C18, C8, C4, phenyl-, fluoro-phenyl-, and cyano-
modified) and HILIC (e.g., diol-modified) columns in non-aqueous and aqueous SEC has 
been investigated. Successful SEC separations of synthetic polymers (e.g., polystyrene 
(PS), poly(methyl methacrylate) (PMMA), sodium polystyrene sulfonate (NaPSS)) were 
achieved on RP and HILIC columns, and of biopolymers on a HILIC column, with a 
variety of common solvents used as the mobile phase in high performance liquid 
chromatography (HPLC). A unique bimodal separation of solutes in a complex mixture 
on an RP (cyano-modified) column, such as hydrophobic interaction/retention of 
Vestipitant molecules (active pharmaceutical ingredient) and elution of sulfobutyl ether-
β-cyclodextrin by size-exclusion mechanism in one chromatographic run, was 
demonstrated.  
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The strength (i.e., solvent strength) of neat tetrahydrofuran (THF) and of binary mixtures 
of THF and another solvent (e.g., chloroform, acetone, 2-propanol, dimethylformamide, 
ethanol, acetonitrile and methanol) and its effect on column characteristics relevant to 
size exclusion (total permeation volume, interstitial volume, pore volume and phase ratio) 
were qualitatively determined for a wide range of column chemistries (C18, C4, phenyl 
and cyano). Solvent effect on elution of PS, PMMA and NaPSS, and the effect of column 
temperature (within a relatively narrow range corresponding to typical chromatographic 
conditions, i.e., 10 ºC – 60 ºC) on their partition coefficients, KSEC, were also 
investigated.  
Accuracy and repeatability of average molar mass determinations (the number-average 
and the weight-average) for PS and PMMA polymers were demonstrated on C18, C4, 
phenyl and cyano columns with neat THF mobile phase, as well as with mobile phases 
that are binary mixtures of “good” and “poor” solvents, such THF mobile phase modified 
with 30% of acetonitrile or methanol. Accuracy of average molar mass determinations 
was better when binary mixtures were used as the mobile phase, compared to that with 
neat THF.  
SEC separation of biopolymers on diol-modified HILIC column was compared to that on 
the diol-coated SEC column (TSKgel UP-SW-3000). HILIC column demonstrated 
superiority of the linearity of the calibration plot over that on the SEC column, which 
exhibited a curvature. Polynomial shape of the calibration curve for the SEC column 
implies less inert stationary phase surface than that of the HILIC column.  
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Common RP and HILIC columns offer an inert surface suitable for the analysis of 
polymers by SEC. The bonded phases show remarkable differences in size separations 
when binary mixtures of solvents, which differ in strength, are used as the mobile phase. 
The presence of a strong solvent is critical to the elimination of undesired non-SEC 
interactions of solutes with the column packing. The solvent strength varies, depending 
on the column’s stationary phase chemistry. The thickness of the stationary phase 
determines the column’s total pore volume, and changes with the mobile phase 
composition and with the identity and bonding density of the bonded ligands. It appears 
that this is related to the ability of the stationary phase to preferentially adsorb the 
stronger solvent and to the ability of a weaker solvent to change the conformation of the 
bonded ligands, e.g., from ordered state (extended with ligands aligned away from the 
silica substrate) to disordered, more dense state (folded, with ligands pointing towards the 
silica substrate). The solvent impact can be three-fold: (i) change of the polymeric coil 
size, and possibly shape; (ii) change of the stationary phase pore volume; and (iii) change 
in the solvated stationary phase properties as it may become “good” or “poor” solvent for 
the solutes. If the effect of this impact is properly moderated, then the greatest benefits of 
a wider molar mass range and an optimized solute resolution can be realized. Moreover, 
at a certain composition of binary mixtures of  THF with other solvents, solutes of the 
same molar mass, but of different polarity and/or chemical composition, can be eluted at 
the same elution volumes, and thus allow quantitation of such solutes using a single 
calibration curve, as observed for PS and PMMA analytes.  
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Temperature effect is realized in decreased elution volumes of polymers with the 
temperature increase. SEC partition coefficients are temperature independent in the range 
of 10 ºC – 60 ºC and therefore, elution of PS and PMMA polymers is by a near-ideal SEC 
on reversed-phase columns. SEC partition coefficients of water-soluble NaPSS are 
temperature independent in the range of 10 ºC – 60 ºC on the HILIC column and 
therefore, elution of NaPSS is by a near-ideal SEC on this column. Near-ideal SEC 
elution of NaPSS on cyano and C18 columns is also possible, but only at higher column 
temperatures (30 ºC – 60 ºC for cyano and 30 ºC – 50 ºC for C18). While elution of 
NaPSS on C4 and phenyl columns follows the SEC mechanism, temperature dependency 
of its partition coefficients implies significant non-SEC interactions even at higher 
column temperature (e.g., at 50 ºC).   
  
  
 
  
1 
 
 
CHAPTER 1: INTRODUCTION 
1.1. The Birth of Chromatography 
Separations of complex mixtures on glass columns (tubes) packed with solid adsorbents, 
using liquids as eluents were introduced by Russian botanist Mikhail Semenovich Tswett 
(Figure 1.1) when he was carrying out experiments on chlorophyll extracts [2, 3]. His 
invented technique not only opened the door to understanding the mystery of the green 
leaf, but served as the basis to a new 
separation technique – 
chromatography.  In his report “About 
a New Category of Adsorption 
Phenomena and Their Application to 
Biochemical Analysis”, that was 
presented at the meeting of the Biology 
Division of the Warsaw Society of 
Natural Sciences on March 21
st
 (8
th
 by 
old Russian calendar), 1903, Tswett 
emphasized the development of a new 
separation method of substances dissolved in 
organic solvents: “The principle of this 
method relies on the property of dissolved substances to make physical adsorption 
compounds with various organic and mineral solid materials”[3]. In his next paper 
Figure 1.1 Mikhail Semenovich Tswett. [1] 
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published 3 years later, Tswett gave a name to this method and called it chromatography: 
“Like light rays in the spectrum, the different components of a pigment mixture, obeying 
a law, are resolved on the calcium carbonate column and then can be qualitatively and 
quantitatively determined. I call such a preparation a chromatogram, and the 
corresponding method a chromatographic method” [4]. 
 
Figure 1.2 Tswett’s chromatographic system [5]: a) Apparatus for the simultaneous use of up to five 
columns. The packed columns of 2-3 mm i.d. and 20-30 mm length are the lower part of the small, funnel-
like pieces of glass; b) Apparatus for larger samples, column i.d. 10-20 mm; c) Chromatographic separation 
of plant pigments as drawn by Tswett. Stationary phase is presumably calcium carbonate, mobile phase is 
presumably carbon disulfide. Xβ=Xanthophyll β; Cβ=Chlorophylline β (now called chlorophyll b); 
Cα=Chlorophylline α (now called chlorophyll a); Xα’=Xanthophyll α’ and α”; Xα=Xanthophyll α. 
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Tswett’s name is connected not only to the discovery of the method of separation, but 
also to the invention of the chromatographic column itself. From Tswett’s description of 
his chromatographic system, the first chromatographic column was a glass tube 30 – 40 
mm long (only packed to a height of 20 – 30 mm) with internal diameter of 2 – 3 mm (or 
10 – 20 mm for larger samples). While packing materials varied, his favorite column 
packing was “angular” or “round” non-porous granules of precipitated calcium carbonate 
with a mean diameter of 50 µm (if assumed that all particles are spheres) [5] (Figure 1.2). 
1.2. The Evolution of Chromatography  
Despite the successful introduction of chromatography, it was met with bad luck of being 
born too early. This technique was highly unconventional in the scientific world of that 
period. Chromatography as a technique was not the purpose of Tswett’s publications, but 
his studies and theories on chlorophylls and other plant pigments were. Tswett not only 
published his results, but also criticized and challenged established ideas, claiming that 
they were erroneous [6]. If Tswett’s conclusions were recognized as correct, then this 
would mean that the ideas about the natural pigments of the prominent Western scientists 
of that time were wrong. Tswett’s method separated all the individual compounds from 
the complex matrix and from one another, while the existing practice was isolation of a 
single compound in a crystal form [7]. This produced a feud between Tswett and a 
number of influential scientists, which resulted in a latent period of chromatography that 
lasted for about 25 years. The lack of interest in chromatography was partially blamed on 
Tswett’s competitor in chlorophyll research, a professor of organic chemistry in Munich, 
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Richard Martin Willstätter. At that time, Willstätter was the “pope” of German organic 
chemistry. He not only opposed Tswett’s results in chlorophyll research, but also did not 
recognize chromatography as a separation technique and called Tswett’s method “an odd 
way” [6-8]. In 1912 Willstätter achieved the same results as Tswett had done years ago 
and received the 1915 Nobel Prize in chemistry for his work on chlorophyll [6]. 
Ironically, it was three of the most famous scholars of Willstätter (Edgar Lederer, 
Richard Kuhn and Alfred Winterstein), who in 1931 started the renaissance of 
chromatography with studies on carotenes (also carotins) [6, 8]. Then, in 1943 Arne 
Wilhelm Kaurin Tiselius, a Swedish biochemist, introduced a classification of 
chromatography into three modes: elution, frontal analysis, and displacement [9, 10].    
Significant developments in ion-exchange chromatography started to emerge in the 
1930s. The first polymeric ion-exchange resins were introduced in London in 1935 by 
B.A. Adams and E.L. Holmes. Subsequent development and application of ion-exchange 
chromatography (IEC) came to prominence during the Second World War (1939-1945) 
for the laboratory-scale and preparative –scale separation of the rare earth and 
transuranium elements in connection with the Manhattan project [7].  
1941 was marked by the invention of  liquid-liquid partition chromatography (LLPC) by 
Archer John Porter Martin and Richard Laurence Millington Synge, British biochemists, 
followed by its extension to paper chromatography in 1944 [7, 11]. Column LLPC did 
not receive wide recognition because the silica support for the water stationary phase 
permanently adsorbed some organic compounds [7] and because of the physical removal 
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of the stationary phase by the mobile phase. However, planar chromatography on filter 
paper sheets became the first choice chromatographic technique, mainly because of its 
simplicity [7, 8]. 
In their 1941 paper, Martin and Synge indicated that “…the mobile phase need not to be 
a liquid but may be a vapour”. This was a prediction of gas-liquid partition 
chromatography (GLPC). Martin and Anthony Trafford James started an investigation of 
the feasibility of GLPC and in 1951 they finally published their work that produced a 
tremendous impact on analytical chemistry and within a few years this technique was 
widely used for almost every type of organic compound [7].  
Towards the end of the 1950s, paper chromatography was replaced by thin-layer 
chromatography (TLC), which is still routinely used today. This technique’s use by 
Nikolai Izmailov and Maria Shraiber, Russian scientists, dates back to 1937-1938. They 
used microscope slides coated with a suspension of various adsorbents (calcium, 
magnesium and aluminum oxide) as the stationary phase and applied a drop of the sample 
on these adsorbents, followed by a drop of the solvent. TLC was later re-introduced by 
Justus Kirchner. He spotted samples onto narrow glass strips (and square plates), coated 
with a layer of silicic acid (bound to glass with starch) and developed these plates by 
immersing their lower end into a closed chamber filled with a solvent. However, the real 
breakthrough of this technique is ascribed to the work of Egon Stahl, a German scientist, 
who investigated the preparation of the proper adsorbents and optimized operational 
parameters [7, 8].  
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The first liquid chromatography instrument was developed by a team of scientists 
(William Stein, Standord Moore and D.H. Spackman) in 1958 at the Rockefeller Institute 
for Medical Research in New York City. It was an automated amino acid analyzer, which 
was the product of further improvement of the ion-exchange separation process and the 
construction of an instrument [7]. 
In 1959 Jerker Porath and Per Flodin, Swedish biochemists, discovered that water-soluble 
macromolecules can be size-separated on the columns packed with cross-linked 
polydextran gels, swollen in aqueous media, and thus gave birth to gel filtration 
chromatography (GFC) [12]. At that time, liquid chromatography (LC) still used small 
glass columns and gravity-driven flow to elute separated fractions. Compared to Tswett’s 
technique developed 60 years earlier, the only difference worth noting was that the 
separated individual fractions were now washed out of the column packing, and collected 
as small fractions. In 1961 James Logan Waters, the founder of Waters Associates, built a 
refractometer for John C. Moore, an American scientist at Dow Chemical Co., to be used 
with LC to continuously monitor the column effluent, measuring its refractive index. The 
refractometer had a very small, 0.1 cm cell, that was used with aqueous flow at room 
temperature. Nine months later Moore requested Waters to build a refractometer that 
could be used with an organic solvent at high temperature [7]. These developments led to 
a later discovery of gel permeation chromatography (GPC) that was disclosed by J.C. 
Moore in 1964 [12]. The final commercial GPC instrument by Waters (the GPC-100), 
introduced in 1964, featured multi-port valves for sample introduction and column 
switching, a pump, and a heater that played the role of a degasser. This  system was later 
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transformed into an early commercial high performance liquid chromatography (HPLC) 
system (the ALC-100), which was introduced in 1968 [7, 13]. However, the development 
of the first modern liquid chromatograph is attributed to Csaba Horvath at Yale 
University, in 1965, who gave it a special name – HPLC [10]. 
Supercritical fluid chromatography (SFC) was demonstrated in 1962 by Ernst Klesper, a 
German scientist. SFC is regarded to be halfway between gas chromatography (GC) and 
LC. However, this technique did not receive much interest until Milton Lee, an American 
chemist, introduced open tubular columns more than 20 years later [14].  
Electrophoresis as a separation technique had been known since 1920s from the 
pioneering work of Arne Tiselius for which he was awarded the 1948 Chemistry Nobel 
Prize [10]. This technique was further developed in the 1980s to capillary zone 
electrophoresis (CZE) by James Jorgenson [15]. While CZE is not a chromatographic 
method, it led to the discovery of electrokinetic chromatography (EKC) [16] and 
capillary electrochromatography (CEC). EKC was introduced in the mid-1980s, and is a 
modification of CE, where a so-called pseudostationary phase (PSP) is used (e.g., 
micellar solutions) [17]. CEC is a relatively new hybrid separation technique that couples 
the high separation efficiency of CE with HPLC [10]. 
1.3. Development of Bonded Phases for LC 
The discussion of the evolution of chromatography would not be complete without 
coverage of the development of the bonded phases. Tswett’s method, as we know today, 
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is described as normal phase (NP) chromatography. Calcium carbonate is no longer used 
as a stationary phase in modern columns because this material is not inert and also 
because of its non-porous nature that results in a low specific surface area.  
In the beginning of LC, columns were packed with either solid particles (adsorbents or 
ion-exchange materials), both fully porous and pellicular, or support particles coated with 
a liquid stationary phase. The latter particles created serious problems for LC separations 
because the coatings were soluble in the mobile phase. The first bonded phase was 
prepared by Howard and Martin during the development of reversed-phase partition 
chromatography in 1950 [18]. Problems with this type of stationary phase were the 
homogeneity of the coating and its instability (difficulty of keeping the nonpolar coating 
on the polar surface while running mobile phase over it). 
In 1960, C. Rossi and co-workers [19] esterified the silica particles with benzyl or lauryl 
alcohol, and I. Halász and I. Sebestian [20] later (in 1969) improved the phase by 
esterifying the silica with 3-hydroxypropionitrile [7]. These “brush-type” phases did not 
become popular because the ester bond could be hydrolyzed easily in aqueous mobile 
phases and was thermally unstable. 
F.H. Pollard [21] and his group introduced stable bonded phases with alkyl chains in 
1966. This work was followed by H.N.M. Stewart and S.G. Perry, who in 1968 produced 
“anchored” stationary phases using a silane with a C18 chain [22], and by W.A. Aue and 
C.R. Hastings, who in 1969 developed chemically bonded silicone (siloxane) phases (Si-
O-Si-C) [23]. 
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Then, in 1970 Joseph J. Kirkland and Joseph J. de Stefano prepared a variety of  bonded 
phase packings with non-polar and polar groups on Zipax (spherical silica particles) 
controlled surface porosity support [24]. This hydrocarbon polymer-coated Zipax 
provided a more stable surface than the coated liquid phases, which opened the door for 
the commercial production of such phases.  
The first commercial bonded phase was Permaphase (developed by Kirkland and 
coworkers in 1971) – a chemically bonded polymeric phase applied to the pellicular 
support Zipax [25]. This polymeric bonded phase provided a longer column life and 
allowed a wider range of mobile phases to be used, including the possibility of gradient 
elution. Nevertheless, column efficiency was poor due to slow solute diffusion in the 
polymeric layer. This led to the development of the nonpolar, monomeric bonded 
siloxane phase, where a monochloro- or monoalkyoxy-silane containing a strongly 
hydrophobic hydrocarbon moiety was reacted with the surface silanol [26].  
Today, monomeric bonded phases containing alkyl chains are used overwhelmingly in 
HPLC, and make reversed-phase LC the most widely used variant of LC.  
1.4. The LC Column 
The column is the “heart” of the chromatographic system. It underwent significant 
improvements since the beginning of chromatography for greater separation speed and 
efficiency, increased stability and reproducibility. Columns are now made out of metal 
(stainless steel) for operation under high pressures. They became shorter, and particles of 
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the packing materials became smaller (1.5 to 1.9 µm and 3 or 3.5 µm particles in 20-50 
mm x 4.6 mm). Column packings consist of a rigid support and an attached stationary 
phase. In some cases the support and the stationary phase are the same (i.e., unmodified 
silica for hydrophilic interaction chromatography, HILIC). 
Analytical LC columns can be particle packed or monolithic (a single rigid sponge). 
Particles of the packed columns can be totally porous, non-porous, superficially porous 
and perfusion. Both particle packed and monolithic can be silica based or polymeric 
based. 
1.4.1. Properties of LC Column Packings 
Properties of HPLC column packings are described by two fundamental aspects: (1) the 
physical properties, and (2) the surface chemistry. Physical properties encompass the 
particle shape and size, the pore size and porosity, the specific surface area and the 
particle strength.  
1.4.1.1. Physical Properties of Column Packings 
The particle size determines permeability and efficiency of the stationary phase, and 
therefore is of utmost importance. In 1941 Martin and Synge emphasized that  “…the 
smallest H.E.T.P. [height equivalent to a theoretical plate] should be obtainable by using 
very small particles…” [11] . Furthermore, they stated that “The H.E.T.P. depends also 
on the diffusibility of the solute in the solvent employed, and in the case of large 
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molecules, such as proteins, this will result in serious decrease in efficiency as compared 
with solutes of molecular weights of the order of hundreds” [11]. Most stationary phases 
used in HPLC have a distribution of particle sizes that determines both the column 
backpressure and its efficiency [27, 28]. Early studies demonstrated acceptable column 
performance and pressure drops for particle size distributions not wider than about ± 40% 
around the mean [29]. The recommended value of dp90 to dp10 ratio (the ratio of particle 
sizes at 90% (10%) of the normally distributed range of the particles) of the cumulative 
size distribution was 1.5 – 2.0 for many decades [13]. However, the recent 
recommendations are to lower these values to about 1.1 for highly efficient columns [30]. 
While scientists agree that broader particle distribution will generate more flow resistance 
(and therefore, higher back pressure), some studies show that broader distribution 
particles of modern column beds have achieved comparable efficiency to particles with 
narrower distribution [31]. 
The oldest type of particle shape was irregular. These particles were made from chunks 
of silica that were milled and had a broad particle size distribution [27]. Modern columns 
feature spherical particles with narrow particle size distribution.  
Fully porous particles are the most commonly used in modern HPLC. Pores play an 
essential part in size-exclusion chromatography since this is where the separation takes 
place; and in reversed-phase chromatography, the walls of the pores provide the large 
surface area needed for retention.  Mass loadability onto the column is also proportional 
to surface area. As particle diameter decreases, the external surface area increases; and as 
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pore diameter decreases, the internal surface area increases [27, 28]. While the use of the 
smallest pores provides a desirable large surface area, solute molecules must be able to 
diffuse in and out of the pores without hindrance in order to maintain acceptable column 
efficiency. Therefore, general-purpose HPLC packings for small molecules (< 500 Da) 
should have a nominal pore size of approximately 90 Å or larger [27]. Packings designed 
for the chromatography of large molecules (e.g., proteins) require larger pores – at least 
300 Å. For efficient separations, the pore diameter should be at least four times larger 
than the hydrodynamic diameter of the solute molecule [28].  Capabilities of a packing 
are estimated with particle porosity for size-exclusion chromatography, or the phase ratio 
(the surface area per mobile phase volume) for retention chromatography. 
Particles of the packing material must be strong enough to withstand high pressures 
dictated by efficient separations. Behavior of polymeric particles under pressure differs 
from that of silica particles. Polymeric particles exhibit a deformation of the bed even at 
low pressures (0.2 – 0.5 MPa/cm). Still, particles remain free of damage. Silica particles 
can withstand high pressures, however, particles break when pressure in excess of 10 
MPa/cm is applied [27]. The primary parameter that determines a particle’s strength is 
the specific pore volume. The higher the specific pore volume, the easier it is to break the 
particle. Silica particles are of sufficient strength for most common applications, but this 
is generally not true for the strength of polymeric particles.  
13 
 
 
1.4.1.2. Column Chemistry 
There are two major types of packing materials: (1) inorganic supports, and (2) organic 
polymers.  While there are several inorganic packings that have been found useful for 
certain applications - alumina [32], zirconia, titania [33], and graphitized carbon [34] - 
silica is the most commonly used inorganic support [35].   
1.4.1.2.1. Silica Supports 
The silica surface is composed of silanols (-SiOH) and siloxane bridges (-SiOSi-). There 
are several types of silanol groups: isolated (lone), vicinal (bridged) and geminal. These 
silanol groups are necessary for the reaction of silanes with the silica to form a bonded 
phase [27]. They’re very hydrophilic and interact with polar functional groups of mobile 
phase and solute molecules. The siloxane bridges are rather hydrophobic and unreactive. 
Column performance is strongly affected by silanol activity that in its turn depends on 
their chemical environment. Lone silanols are more acidic than hydrogen-bridged 
silanols. The surface of fully hydroxylated silica is uncharged in pH 3 environment. At 
higher pH values, the surface is negatively charged due to dissociation of silanols. The 
interaction of the dissociated silanols with positively charged solutes may result in tailing 
peaks and lower efficiency [27]. Furthermore, the purity of the silica support also affects 
silanol activity and column performance. Metal impurities, incorporated into the silica 
matrix, contribute to the acidity of surface silanols, as well as interact directly with 
chelating solutes. The consequences of metal contamination can result not only in tailing 
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peaks, but also in artificial peaks [36]. Silica particles can be classified as type A or B, 
based on their purity, where type A silicas are less pure and more acidic [37]. Practically, 
all modern silica-based columns are manufactured with type B silica.   
There is one more type of silica, type C, that was developed around 1989 [38]. Type C 
surface of silica has been converted from bearing silanol groups to carrying silicon 
hydride groups (-Si-H). This type of silica did not become popular because initially it was 
considered that the silicon-hydrogen bond was unstable in aqueous media. However, 
Pesek and Matyska [39] insist that the 20-year experience of the use of this hydride-based 
materials as a chromatographic stationary phase have proved that this instability 
assumption was invalid. While silanol groups are strongly polar, silica hydride groups are 
weakly hydrophobic. The unique property of type C silica-based phases is that they 
exhibit retention for both hydrophobic and hydrophilic compounds, depending on 
whether high- or low-aqueous mobile phase composition is selected [39]. However, the -
Si-H surface properties are not fully understood. The behavior of type C silica surface is 
very different from that of type B, and at the present time cannot be completely explained 
[40]. Nevertheless, the full benefits of type C silica are yet to be realized.  
1.4.1.2.1.1. Silica-Based Bonded Phases 
To prepare bonded phases, the silanols (types A and B silica) on the surface of silica can 
be reacted with reactive silanes that carry ligands after which the phase is named. The 
silane may have one, two or three functional groups that are reactive, and therefore can 
be classified as monofunctional, difunctional or trifunctional. The bonding process is 
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random, and the amount of ligands that can be bonded is limited by the steric hindrance 
of the head group. When monofunctional silanes are reacted with the silica surface, only 
a limited amount can be bonded to the surface, leaving approximately half of the silanols 
unbonded. Often a second reaction with a small, highly reactive silane is added to remove 
the remaining silanols. This second reaction is “endcapping”.  Even after endcapping, 
there are residual silanols that can interact with analytes, contributing to the adsorptive 
properties of a bonded phase. Di- or trifunctional silanes facilitate higher surface 
coverage, which is favorable; however water in the reaction medium causes hydrolysis of 
additional functional groups that results in the attachment of additional silanes. This 
process is harder to control than the process involving monofuctional silanes. That is why 
the majority of bonded phases produced today are based on monofunctional silanes rather 
than polyfunctional ones [27]. 
In the most commonly used bonded phases, the bonded entity is a hydrocarbon with a 
methyl group as the most typical side substituent [27] (Figure 1.3). Alkyl group ligands, 
such as C4, C8, C18, are used in reversed-phase (RP) chromatography, where retention 
increases with the increased chain length of the stationary phase.  Alternatively, the 
ligand can be a phenylpropyl or phenylhexyl, simply called phenyl. The alkyl group may 
also be substituted by other functional groups that can provide alternative interaction 
mechanisms. For example, amino ligands can serve as an ion exchanger and be used for  
ion-exchange chromatography, or they can be used for HILIC. Diol-bonded phases are 
mainly used for aqueous size-exclusion chromatography, but they can also be used in 
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HILIC and in normal-phase chromatography. Cyano stationary phases are used for both 
RP and normal-phase chromatography. 
 
Figure 1.3 Common bonded phases  
Other stationary phases that are becoming popular in RP chromatography are so-called 
embedded-polar-group (EPG) phases that contain amide, carbamide, urea or other polar 
functional groups [28]. While these phases offer an alternative selectivity and reduce 
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tailing of basic compounds, they tend to be less stable, compared to simple hydrocarbon 
bonded phases. 
1.4.1.2.2. Polymeric Packings 
There are three main types of polymeric packings: divinylbenzene-, methacrylate- and 
vinylalcohol-based. Highly cross-linked polystyrene (PS) gels (styrene-divinylbenzene 
copolymers) are spherical semirigid packings that were originally developed for SEC of 
polymers in organic solvents [41]. Styrene-divinylbenzene packings exist in two types: 
microreticulate and macroreticulate packings [27]. Microreticulate packings are non-
porous in the dry state and are less cross-linked. The pores are formed by a solvent as 
holes in the crosslinked polymer network. Macroreticulate packings have a permanent 
pore structure that is formed by the spaces between polymer spheres. Divinylbenzene-
based packings are highly hydrophobic and could be ideal for RP chromatography, 
however, the slow mass-transfer makes such columns very inefficient. Methacrylate-
based and vinylalcohol-based packings are hydrophilic and are primarily used for 
aqueous SEC, however, they’re also good packings for HILIC.  
The main advantage of polymeric packings over silica packings is their superior stability 
at low and high pH, thus making them attractive for RP separations of strongly basic 
compounds. Polymeric packings can be derivatized with RP ligands (i.e., C18, amino-, 
cyano-) or modified with ionizable functional groups (i.e., carboxyl, amide) and used for 
RP or ion-exchange separations.  
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1.5. Size-exclusion Chromatography 
The separation mechanism of size-exclusion chromatography (formerly referred to as gel 
permeation chromatography and gel filtration chromatography [12, 13]) is the simplest, 
compared to other types of chromatography. In contrast to reversed-phase 
chromatography, in which solutes are retained by interaction with the stationary phase, 
there is no interaction between the solute and the column stationary phase in SEC (under 
ideal conditions). The separation of solutes is solely based on the ability to penetrate the 
pores of the packing material, as shown in Figure 1.4. The solutes that are too large to 
penetrate the pores elute first. Smaller solutes that can diffuse into the pores of the 
column packing explore a larger fraction of the pore volume and therefore elute at a later 
time.  
The largest elution volume is the total mobile phase volume in the column, which is the 
sum of the pore volume and the interstitial volume. The smallest elution volume should 
in principle be the interstitial volume of the column; however, very large molecules 
experience additional separation in the interstitial space [27]. This type of separation is 
called hydrodynamic chromatography (HDC). Thus, the total mobile phase volume is the 
total permeation volume, Vt, and the interstitial volume is the exclusion volume, V0. 
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Figure 1.4 Schematic of an SEC separation showing the separation of small ( ) and large ( ) 
molecules: t0 – a mixture of two sizes of molecules is injected onto the column; t1 – smaller molecules 
diffuse into porous particles of the column packing, while larger molecules elute in the interstitial regions 
of packed particles; t2 – molecules are separated by size into two distinct chromatographic bands; t3 – large 
molecules elute first, as they sample less column volume, and a detector response is recorded; t4 – small 
molecules explore both interstitial and pore volumes and therefore elute later. 
When a series of different molar mass solutes is injected onto a column, the elution is in 
reverse order of analyte size, and therefore the SEC method may be referred to as an 
“inverse-sieving” technique [13]. Thus the components of a sample are separated by 
molecular size, the profile of which describes the molar mass distribution (MMD) or size 
distribution of the mixture. The purpose of most SEC separations is the determination of 
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the MMD of a solute. Since the size of a molecule, which is a function of its molar mass, 
determines its elution volume, then the molar mass of an unknown can be determined 
from the elution volume. In order to do so, the relationship between the molar mass and 
the elution volume must be established. This relationship is obtained empirically from the 
elution of standards of known molar mass (Figure 1.5, A). A plot of the logarithm of the 
molar mass of the standard versus its elution volume is then constructed, as shown in 
(Figure 1.5, B). This plot is called the SEC calibration curve and is used to determine the 
MMD of an unknown analyte. A calibration curve needs to be established for each type 
of analyte-solvent-column-temperature system.  
 
Figure 1.5 (A) A SEC chromatogram of a series of narrow-MMD polystyrene standards and toluene; and 
(B) a typical SEC calibration curve showing a plot of logarithm of molar mass (log Mp) versus elution 
(retention) volume of  the polystyrene standards of known molar mass. 
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1.6. Reversed-Phase and HILIC Columns for Size-exclusion Chromatography 
SEC was an instant success when it was first introduced almost 60 years ago. This 
technique was primarily used for the analysis of complex biopolymers. After the 
introduction of columns packed with cross-linked polystyrene by Moore [41], SEC 
became popular for the MMD determinations of synthetic polymers. While this packing 
provided minimal interaction for the proteins and polymers, it was lacking mechanical 
strength and efficiency. Also, the polymeric resins could shrink or swell, depending on 
the solvents used, which would compromise the integrity of the packed bed during 
solvent switching. In 1967, A.J. De Vries et al. [42] demonstrated that porous silica with 
a narrow particle size distribution can generate high plate counts for SEC separations. It 
was also realized that the high efficiency of smaller particle size porous silica particles, 
coupled with their excellent mechanical strength and high purity, provides superior 
packing material for SEC [43]. 
G.D. Saunders and H.G. Barth [44] provided an extensive review of modern SEC 
packings. SEC column packings can be broken into two categories: silica, with or without 
surface modifications, and cross-linked polymeric packings (hydrophobic, hydrophilic, or 
ionic). The most common hydrophilic packing is silica packing, functionalized with 1,2-
propanediol. Bare or even diol-modified silica will interact with cationic polyelectrolytes 
or amino-containing polymers via an ion-exchange mechanism. Negatively charged pores 
will exclude anionic polyelectrolytes or carboxylic acid-containing polymers. 
Nevertheless, bare silica can be used with organic mobile phases. Ethylene-bridged 
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hybrid inorganic-organic (BEH) packing is a newly introduced silica-based packing, and 
is a mixture of silica and organosiloxanes which form poly-ethoxyoligosilane polymers. 
BEH particle technology provides improved chemical stability, along with reduced 
silanol activity and larger pore size. The suitability of columns packed with BEH 
particles for SEC has recently been demonstrated [45, 46]. Cross-linked polystyrene-
divinylbenzene remains the most common hydrophobic packing for SEC. Its continued 
popularity is because of easily controlled pore size and the absence of interactions with 
most vinyl type of polymers. Also, these polymeric packings are stable over the entire pH 
range (from pH 0 to pH 14) [27]. 
Reversed-phase columns have major advantages over conventional SEC columns. SEC 
column technology has followed closely, but still lags behind RP column technology. 
Typical RP packings are based on silica and therefore are very strong mechanically. 
These columns can withstand high pressures without measurable compression or 
breakage, which makes them suitable for HPLC and even UHPLC. Silica packing does 
not swell or shrink when exposed to a variety of solvents and is suitable for gradient runs.  
Silica would be the ideal packing for HPLC if its major disadvantage (dissolution at 
alkaline pH) could be overcome. 
There is strong interest in reducing particle diameters [12, 47] and internal diameters in 
SEC columns in order to achieve better separations and column efficiencies. While 
typical particle sizes of SEC columns are 3 – 20 µm with broad particle size distribution, 
typical particle sizes of RP columns are 1.7 – 3.5 µm with narrow particle size 
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distribution (the typical 90%/10% particle diameter ratio is 1.55). Standard internal 
diameters of analytical SEC columns are 6 – 8 mm, compared to 2.1 – 4.6 mm of RP 
columns. The soft SEC polymeric resins compress under pressure and flow, which limits 
possible reductions in their particle size. SEC organic packing materials are subject to 
slow degradation over time. There is also a risk of unwanted components adsorbing on 
the surface of the packing. Packings can adsorb unwanted impurities during their 
preparation – polymerization, packing and washing. Unwanted impurities can also be 
adsorbed from the mobile phase and sample matrix [44].  Soft polymeric columns can 
swell or shrink during solvent changes. Any solvent changeover is a slow, time-
consuming process that sometimes requires an intermediate solvent. Moreover, polymer-
based SEC columns are 3 – 4 times more expensive than silica-based RP (and HILIC) 
columns. Silica-based SEC columns overcome the swelling and reactive nature of 
polymeric columns. They’re versatile and mechanically strong, which allows further 
improvement in performance via reduced particle size. However, they still have such 
drawbacks as a somewhat narrow pH stability range, and the presence of active surface 
silanol groups that promote interaction between solutes and the stationary phase. Recent 
advances have been observed with diol-modified silica that provides a significant 
reduction in silanol activity, although some residual silanols still remain [48]. 
A recent review of column technology was provided by R. E. Majors [35]. Particle size is 
a key factor that influences column efficiency in SEC. The smaller the particle size, the 
higher is the column efficiency. The evolution of RP columns in the last decade has 
resulted in the reduction of particle sizes typically employed from 5 µm to sub-2 µm, and 
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produced stationary phases that are able to suppress unwanted silanophilic sites. Bonding 
chemistries were recently improved so that they now allow better packing stability and 
extend the pH range to pH 1.5 – pH 11.5. Improvements have also been made in the base 
silica to reduce trace metal content and acidity. Silica-based RP and HILIC column 
stationary phases are compatible with all chromatographically relevant organic solvents 
and water, and can withstand pressures of 15,000 psi, which is important for the porous 
particles of the column packing. HILIC columns, originally developed for retention of 
highly polar analytes [49], use a polar stationary phase, such as bare silica, and polar 
bonded phases, such as diol. The ability to use RP and HILIC columns for size-exclusion 
(SE) separations is extremely advantageous for polymer and protein separations since 
these applications centered upon HPLC can be directly transferred to UHPLC. While 
development of small particle size SEC columns is still in its embryonic stage, the 
abundance of small particle, narrow bore RP and HILIC columns provides an immediate 
opportunity to utilize UHPLC columns for SEC [45, 46]. Because RP and HILIC 
columns have many favorable characteristics that make them very attractive for potential 
use in SEC, this thesis evaluates the unexplored area of entropy-driven, size-exclusion 
separation of polymers using RP and HILIC columns. 
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CHAPTER 2: NON-AQUEOUS SIZE-EXCLUSION CHROMATOGRAPHY OF 
SYNTHETIC POLYMERS ON COMMON REVERSED-PHASE AND HILIC 
COLUMNS  
2.1. Introduction 
The characterization of polymers, both natural and synthetic, by liquid chromatography 
(LC) has always been an area of intense research activity. Modern LC methods for 
separation of polymers can be divided into three major categories (Figure 2.1): (i) 
separations governed by entropy changes, i.e., exclusion; (ii) separations controlled by 
both enthalpy and entropy changes, but dominated by changes in enthalpy, i.e., 
interaction; and (iii) separations governed by no changes in free energy where enthalpic 
and entropic contributions cancel each other, i.e., critical conditions [50]. The separation 
mode is determined by the properties of the polymer, the stationary phase, and the mobile 
phase. 
 
Figure 2.1 Schematic illustration of calibration curves of different modes of separation 
SEC (i) LCCC (iii) 
iLC (ii) 
Lo
g 
M
 
Elution volume, mL 
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The simplest, best known and studied technique for the analysis of synthetic and natural 
polymers is SEC [48, 51, 52]. The separation of polymers by this technique is entropy-
driven, and occurs according to their hydrodynamic volumes with the larger molecules 
eluting first followed by the smaller ones [53]. The elution volume can be correlated with 
the molar mass for a given type of polymer. However, SEC separations do not depend on 
the molar mass, but on hydrodynamic volume. If the polymer molecules have a different 
chemical composition, chain architecture, or functionality but the same hydrodynamic 
volume, separation by a size-exclusion mechanism is impossible. To address this 
problem, researchers turned to reversed-phase high performance liquid chromatography 
(RP-HPLC) for the separation of synthetic polymers, which has been an area of active 
research since 1980s.  
Successful separations of homopolymers and copolymers by interaction liquid 
chromatography (iLC) using reversed-phase (RP) and normal-phase (NP) stationary 
phases, where the separation is driven by both enthalpy and entropy changes have been 
reported. iLC can be performed in isocratic mode [54] as well as in gradient-elution LC 
(GELC) mode using binary [55-59] and ternary [60]
 
solvent gradients. The retention 
mechanism is based on adsorption of polymer molecules on the column stationary phase, 
however the main separation principle is hard to determine. Various processes, such as 
adsorption, desorption, partitioning, exclusion, precipitation, and re-dissolution, are 
taking place simultaneously [50]. The same principle is used in temperature gradient 
interaction chromatography (TGIC) [61, 62]. Larger polymers are more strongly 
adsorbed, and therefore are retained longer, while smaller polymers are only slightly 
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adsorbed and elute faster. While iLC exhibits better resolution than SEC, it is less 
universal than SEC. For a particular polymer, the magnitude of the enthalpic interaction 
has to be precisely controlled in order to achieve a reproducible separation. The selection 
of a combination of the stationary phase, mobile phase, and gradient (either solvent or 
temperature) is not always straightforward [62] and often requires extensive experimental 
work. Events such as precipitation of the polymers in the injector, breakthrough peaks, 
and irreversible adsorption of large polymers can result in incomplete recovery and 
therefore in inaccurate quantitation [50, 63, 64]. Nevertheless, iLC techniques offer 
orthogonal selectivity to that of SEC, and therefore can provide additional information on 
polymer MMD (e.g., chemical composition distributions) that cannot be determined by 
any other technique.  
Synthetic polymers can be effectively separated on the basis of their chemical 
composition, end-groups, or block length using conditions where enthalpic and entropic 
contributions compensate each other, so-called critical conditions (CC). LC under critical 
conditions (LCCC) uses RP columns and involves an adsorptive interaction of 
monomeric units to the stationary phase, which is sensitive to small differences in 
chemical structure. The critical condition is created on the border of the exclusion and 
adsorption modes [65]. Under this condition, elution is independent of the molar mass of 
a polymer, and therefore all polymers with the same chemical composition elute at the 
total permeation limit of the column [50, 66]. In spite of several advantages of LCCC, 
achieving and maintaining the critical conditions is a significant challenge, and in some 
cases even molar mass independence is uncertain [67]. Separations at the critical 
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conditions are very sensitive to small variations in mobile phase composition and sample 
solvent, as well as to variations in temperature and pressure. 
An attempt to separate polymers by chemical composition is not the only driving force to 
use RP columns for polymer characterization. One of the major drawbacks of high-
performance SEC is the need of multiple columns of different pore sizes, and oftentimes 
different chemistries that are typically more expensive than reversed-phase or normal-
phase HPLC columns. In principle, any column containing packing of defined pore size 
can be used for SEC analysis irrespective of their chemical composition or surface 
chemistry in the case of silica packings.  There are, however, two major requirements that 
must be met: (i) the absence of non-size-exclusion effects and (ii) sufficiently large pore 
volumes. To eliminate non-size-exclusion effects, mobile phase composition and 
oftentimes column temperature must judiciously be chosen to prevent adsorption in the 
case of non-ionic polymer samples, or ionic interactions, i.e., ion exchange and ion 
exclusion, in the case of ionic polymers. Pore volume, which must be maximized, plays a 
critical role in establishing SEC resolution. For a given packing, pore volume depends on 
its chemical nature and overall porosity; for example, polymeric cross-linked packings 
typically have greater pore volume than silica-based packings. Total pore volume of a 
packed column, which is easier to control, is proportional to the volume of a column. 
Experimental work in this chapter demonstrates that RP columns, as well as HILIC 
columns, can be used for polymer molecular size characterization in the size-exclusion 
mode. The unique SEC separation capability of RP and HILIC columns was 
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demonstrated using synthetic polymers of different sizes. Specifically, the influence of 
mobile phase composition and stationary phase chemistry on the elution and size-
exclusion separation of polystyrene (PS) and poly(methyl methacrylate) (PMMA) were 
examined. 
2.2. Theory 
RP-HPLC separates molecules on the basis of hydrophobicity. Solute molecules leave the 
polar mobile phase, that is commonly a mixture of water and an organic solvent, and 
reversibly bind to or interact with the immobilized hydrophobic ligands attached to the 
silica stationary phase. Addition of organic solvent to the mobile phase reduces the 
polarity of the eluent, which promotes desorption of the solute from the hydrophobic 
stationary phase. Elution can proceed under gradient or isocratic conditions where the 
concentration of organic solvent is constant in the latter case. In RP-HPLC solute 
molecules elute after the unretained solvent peak in the order of increasing molecular 
hydrophobicity. In contrast to RP-HPLC with non-polar stationary phases, with HILIC 
the various types of polar stationary phases retain hydrophilic compounds longer than 
hydrophobic compounds, thus providing an alternative selectivity. Similarly to RP-
HPLC, HILIC elutes solute molecules after the unretained solvent peak, but in the order 
of decreasing molecular hydrophobicity. 
In contrast to HILIC and RP-HPLC, solutes in SEC are partially excluded from the 
column packing and elute before the solvent peak. As solute molecules move down the 
column with the mobile phase, they penetrate in and out of the pores of the packing 
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particles. The larger molecules elute faster than the smaller molecules because they have 
less penetration into the pores, and thus explore a smaller fraction of the pore volume. 
Solute molecules are not retained in SEC, but are “delayed” in elution by the pores of the 
column packing. 
In order to perform separations of molecules by size on RP and HILIC columns, non-
size-exclusion interactions between the solute and the stationary phase must be 
suppressed. Interactions of the non-polar solute molecules with the non-polar RP 
stationary phase (or interactions of the polar solutes with the polar HILIC stationary 
phase) can frequently be eliminated by the selection of an effective mobile phase. Sample 
and mobile phase molecules compete for the surface of the stationary phase. In RP-HPLC 
strong solvents in the mobile phase would interact with the surface of the stationary 
phase, and thus suppress adsorption of polymeric solutes. 
The chromatographic behavior of molecules experiencing size-exclusion can be 
expressed in terms of a partition coefficient: 
     
     
     
       (2.1) 
where    is the elution volume (or retention volume) of a solute,    is the elution volume 
of an excluded peak, which is equal to the interstitial volume between the stationary 
phase particles, and    is the total mobile phase volume (total permeation volume) [52], 
i.e., elution volume of a small solute that penetrates the entire pore volume. The total 
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permeation volume is the sum of the exclusion (or void) volume of the column,    and 
the pore volume of the packing within the column,   : 
              (2.2) 
Therefore,  
                  (2.3) 
Equation (2.1) implies that the large molecules that are too bulky to enter the pores will 
have        as they will elute at the exclusion volume. Similarly, very small molecules 
exploring the entire pore system will have       . Only molecules of intermediate size 
will be separated by size, and will have           Therefore, in order to select a 
column with an optimum separation range, the pore size of the column should allow 
elution of the solutes within              [28]. Solutes that elute beyond   , will 
either be retained (KSEC > 1) or irreversibly adsorbed (KSEC  ∞). Under these conditions, 
the steric exclusion mechanism is no longer valid.  
It is important to note that even if           elution is achieved, other non-size-
exclusion effects can still be present, such as (i) ion exclusion; (ii) ion inclusion; (iii) 
macromolecular crowding; (iv) viscosity effects; (v) column over-loading; (vi) polymer 
shear degradation; (vii) excessive band broadening; and (viii) hydrodynamic 
chromatography (HDC). In the presented study, these effects were either eliminated, if 
present, or not a concern because of the nature of the samples used as test probes. 
Specifically, effects (i) and (ii), which occur with ionic polymers, were swamped out by 
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the addition of electrolyte to the mobile phase. Effects (iii) to (v) were eliminated by 
injecting dilute sample solutions with lower molar mass polymers, well below the critical 
polymer concentration. To avoid effects (vi) to (viii), very high molar mass polymers 
were not used and low flow rates were employed. HDC, however, can occur with lower 
molar mass polymers provided that very high-velocity regions are established within 
interstices of packed columns.  
According to equation (2.1), the larger the elution volume, the higher is the distribution 
coefficient. Because in SEC the range of separation is         , a small distribution 
coefficient (e.g.,           would sensibly reduce the resolution. The distribution 
coefficient in its turn increases with increasing phase ratio. Therefore, for high 
performance, a stationary phase with a large volume ratio,          is required. This 
implies that large pore volume,   , and small interstitial volume,     are required.    
The elution volumes,    , decrease with the logarithm of the molar mass [68]: 
                  (2.4) 
where    and    are constants that can be taken from a calibration plot. The separation 
efficiency of a column depends on the slope factor C2, and therefore, the larger the 
elution volume, the higher is the retention factor, and the resolution. An improvement of 
the separation efficiency in SEC by extending the separation path will benefit all 
components that lay in the linear range of the calibration [68].   
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Thus, the elution volume of a polymeric solute depends on so-called steric interactions 
between the stationary phase and solute. Steric interactions are determined by polymer 
coil bulkiness and stationary phase “tightness”. The stationary phase will be “tighter” for 
more rigid and longer ligands, a higher concentration of ligands, and for smaller pore 
diameters.  
The size of a polymer coil in solution depends on the quality of solvent and temperature. 
Therefore, polymer bulkiness must be defined in terms of solvent and temperature 
conditions, and can be estimated using Stokes equation [56]:  
   
  
      
      (2.5) 
Where    is the Stokes radius,   is the absolute temperature,   is Boltzmann constant,    
is the viscosity of the mobile phase at the experimental temperature and    is the 
translational diffusion coefficient of a polymer.  
On the other hand, because the hydrodynamic volume of polymeric molecules has proven 
successful as a parameter for universal calibration, it also can be used to estimate 
polymer bulkiness. The hydrodynamic volume is expressed in terms of the product of the 
molar mass, M, of the polymer and intrinsic viscosity, [η], using the Mark-Houwink 
equation [68]: 
       
       (2.6) 
and 
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       (2.7) 
In which    and a are experimentally determined coefficients for a given polymer 
dissolved in a specific solvent at a specific temperature.  
Molecular bulkiness can also be estimated using viscometric radius. According to 
Einstein’s viscosity law, the viscometric radius,      can be estimated from the 
hydrodynamic volume,   , for which Glöckner proposed a simplified geometric approach 
[56]: 
              
       (2.8) 
Thus, polymer bulkiness can be controlled by an appropriate choice of solvent/eluent and 
temperature. Solvents and temperatures that reduce the intrinsic viscosity of the polymer 
solution will also reduce bulkiness of the polymer coil. The bulkier the solute, and the 
“tighter” the stationary phase, the larger is the steric interaction and the smaller is the 
elution volume, and therefore the less efficient is the column in terms of size-separations.  
2.3. Experimental 
2.3.1. Materials 
HPLC-grade acetonitrile (ACN) was purchased from EMD Millipore Chemicals 
(Billerica, MA, USA) and unstabilized tetrahydrofuran (THF) from Sigma-Aldrich (St. 
Louis, MO, USA). Shodex polystyrene (PS) standards were purchased from Waters 
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(Milford, MA, USA), and Agilent poly(methyl methacrylate) (PMMA) standards – from 
Neta Scientific, Inc. (Hainesport, NJ, USA). Molar mass polydispersities of all PS 
standards were ≤ 1.07, and all PMMA standards ≤ 1.27, molar mass values given here 
correspond to the peak-average molar mass (  ); both values were determined by the 
manufacturers. Toluene, anhydrous, 99.8%, was purchased from Sigma-Aldrich (St. 
Louis, MO, USA).  
2.3.2. HPLC 
One of the two liquid chromatographic systems, an Agilent Series 1100 (Agilent 
Technologies, Santa Clara, CA, USA), consisted of a degasser (G1322A), a column 
thermostat (G1316A), a binary pump (G1312A) able to handle a maximum backpressure 
of 400 bar, an autosampler (G1329A), and an ultraviolet-visible variable wavelength 
detector (UV VWD) (G1314A) set at 262 nm for the detection of PS and at 230 nm for 
the detection of PMMA. Chromatographic data for Figure 2.3, Figure 2.4, Figure 2.7 - 
Figure 2.9 were generated on the second of the two liquid chromatographic systems, an 
Agilent Series 1260 (Agilent Technologies, Santa Clara, CA, USA) that consisted of a 
degasser (G1322A), a column thermostat (G1316C), a binary pump (G1312B), able to 
handle a maximum backpressure of 600 bar, an autosampler (G1367E), and an 
ultraviolet-visible diode array detector (UV DAD) (G4212B). One microliter (1 µL) 
volumes of toluene, PS and PMMA standards were injected into the chromatographic 
systems, and eluted isocratically on the columns listed in Table 2.1. Note that columns 
(stationary phases) regarded in the text as fluoro-phenyl, phenyl and cyano are actually 
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pentafluorophenylpropyl, phenylpropyl and cyanopropyl, respectively. The columns were 
held at 30°C. The mobile phase contained THF and ACN in the ratios specified in the 
text, using on-line solvent mixing. Separations were carried out at a flow rate of 0.30 
mL/min. The chromatographic system was controlled and the data were acquired through 
a PC running 2010 Pro Empower 3 software, version 7.20.00.00 (Waters, Milford, MA, 
USA).  
Table 2.1 Column Parameters. Column length and internal diameter (mm): 150 x 4.6; 
a
Waters; 
b
Agilent; 
c
Phenomenex; 
d
MAC-MOD Analytical. 
Column No. Column ID Particle Size (µm) Pore Size (Å) 
1 XSelect CHS C18
a
 2.5 130 
2 XSelect CHS Fluoro-Phenyla 2.5 130 
3 Zorbax SB-C18
b
 5 80 
4 Zorbax SB-CNb 5 80 
5 Zorbax SB-C8
b
 3.5 80 
6 Zorbax SB-Phenylb 5 80 
7 XBridge Phenyla 3.5 130 
8 Luna HILICc 3 200 
9 ACE 3 C4-300
d 3 300 
10 ACE 3 Phenyl-300d 3 300 
11 ACE 3 CN-300d 3 300 
Measurements were repeated multiple times on most columns, including variations in 
flow rate (0.1 mL/min – 2 mL/min), injection volumes (1µL and 5µL), mobile phase 
composition (v/v) THF/ACN, and temperatures (10°C - 60°C). For the separations 
obtained on columns 1, 2, 7 – 11 at 30°C column temperature with 62/38 (v/v) and 70/30 
(v/v) THF/ACN mobile phases, the following trends were observed for the triplicate 
measurements: (i) the tailing factor (  ) was between 1.0 and 1.5 for polymer peaks up to 
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   50,000 and for larger polymers was as high as 1.7, although the peak tailing for larger 
polymers reduced with increasing column length, pore volume, and/or flow rates (> 0.30 
mL/min); (ii) the maximum variation seen in elution volumes for each polymeric peak 
was %RSD ≤ 0.8, and in area and height counts  %RSD was ≤ 1.5. 
2.3.3. Sample Preparation 
All PS standards were prepared in THF at a nominal concentration of 1 mg/mL, and most 
PMMA standards were prepared in THF at 3 mg/mL, except   20,310 and 46,890 
which were prepared at 1 mg/mL concentration, by dissolving approximately 10 mg (or 
30 mg) of PS or PMMA in 10.0 mL of THF. The solutions were shaken manually and 
allowed to equilibrate overnight. Toluene solution was prepared by diluting 10 µL of 
toluene to 10.0 mL with THF. 
2.4. Results and Discussion 
2.4.1. Non-aqueous SEC on RP Columns 
As discussed in section 2.2, in order to achieve a separation of PS molecules by size on 
RP stationary phases, sorption interactions between polymers and RP stationary phases 
must be eliminated by either increasing column temperature or by adjusting mobile phase 
composition. The approach taken in this study was to adjust mobile phase composition. 
In order to achieve this, a strong solvent must be used that will compete with the PS 
molecules for sorption sites on the stationary phase, thereby preventing polymer sorption. 
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Solvation of a polymer with a solvent also plays a role in moderation of polymer-
stationary phase interactions. In general, solvents can be classified as thermodynamically 
“good” solvents if they dissolve the polymer to give expanded polymer chains in solution 
(i.e., large hydrodynamic volumes) (Figure 2.2). In the presence of thermodynamically 
“poor” solvents, the hydrodynamic volume of polymers in solution is reduced. If very 
“poor” solvents are used, polymer chains will eventually collapse and come out of 
solution. For this work, THF was selected to prepare sample solutions and to serve as a 
“good” solvent component in the mobile phase. ACN was used as the mobile phase 
modifier for the “poor” solvent mobile phase component. Both solvents are UV 
transparent at wavelengths used to detect PS and PMMA.   
 
Figure 2.2 Polymer coil expansion model [69]. 
THF, a moderately polar solvent, is a “good” solvent for PS, and it inhibits sorption and 
hydrogen bonding interactions between PS molecules and the stationary phase. In 
contrast, the more polar ACN is a “poor” solvent for PS, although it inhibits both dipole 
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and π-π interactions of PS with the stationary phase. THF and ACN also differ in solvent 
strengths, where THF is a stronger solvent than ACN. The thermodynamic quality of a 
solvent and solvent strength can be correlated to the total Hildebrand solubility parameter 
from vaporization energy, which is 18.6 (J
.
cm
-3
)
0.5
, or MPa
0.5
, for THF and 24.8 (J
.
cm
-3
)
0.5
 
for ACN [68]. A combination of THF and ACN is used in the mobile phase for some of 
the following studies to investigate the effect of mobile phase composition on elution 
behavior of polymeric species. Figure 2.3 shows the separation of six PS standards with 
molar masses ranging from 580 to 126,000 on XSelect CHS fluoro-phenyl and XSelect 
CHS C18, 2.5 µm, 150 x 4.6 mm, 130 Å columns (columns 1 and 2 of Table 2.1), using 
THF as the mobile phase. The polymers eluted in the order of decreasing molar mass on 
both columns, irrespective of the stationary phase chemistry.  The four lowest molar mass 
standards were well-separated, while the two highest molar mass standards were only 
partially resolved. Analysis was complete in 6 minutes at a flow rate of 0.30 mL/min. 
As the molar mass of PS increases, the measure of molecule bulkiness increases, and 
therefore elution volume of larger molecules,    in equation (2.4) decreases. Elution of 
the polymer molecules is determined by their access to the pore volume of the stationary 
phase. Elution of higher molar masses (> 51,200) of PS is limited by the pore size and 
interstitial volume of the column.  
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Figure 2.3 Separation of polystyrene (PS) standards using unstabilized THF as the mobile phase on fluoro-
phenyl (A) and C18 (B) stationary phases, columns 1 and  2 in Table 2.1. Molar masses of PS standards 
(g/mol): 126,000; 51,200; 19,500; 7,350; 2,870; 580.  Instrumentation: Agilent 1260 with a diode array 
absorbance detector set to 262 nm. Other conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; 
column temperature = 30˚C (thermostatted). 
Chromatograms of Figure 2.3 contain small peaks at 5.8 min (A) and at 5.1 min (B) that 
were also present (at lower levels) in the blank (unstabilized THF) chromatograms (refer 
to Figures A1.1 – A1.6 in Appendix 1 supplemental information). These peaks are 
probably the result of peroxide formation in the blank and sample solutions. THF solvent 
is prone to oxidation (e.g., on contact with air or on light exposure) that forms unstable 
peroxides [70]. The charge-transfer complexes formed as the result of THF interaction 
with oxygen absorb light in the UV region [71]. The UV spectra of PS   580 in Figure 
A1.3 (A) and in Figure A1.6 (A) appear to be of a different nature than the UV spectra of 
the peak in question in Figures A1.2, A1.3 (B), A1.5 and A1.6 (B). UV spectra of the 
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peak in question in the blank and standard chromatograms are similar to each other 
(Figures A1.2, A1.3 (B), A1.5 and A1.6 (B)) and to the UV spectra of hydroperoxide in 
reference  [72]. 
2.4.2. Effect of Column Surface Chemistry on Elution Behavior 
From a comparison of the separation of PS molecules on the same fluoro-phenyl and C18 
columns discussed in the previous section using mobile phase modified with ACN (62/38 
(v/v) THF/ACN), it can be inferred that both columns have similar phase ratios, as shown 
by the separations in Figure 2.4. The addition of ACN to the mobile phase does not 
significantly change the PS standard elution volumes on the fluoro-phenyl packing.  
However, for the C18 column, the increased pore volume is now similar to the fluoro-
phenyl packing made from the same base silica particles. Also, the separation efficiency 
of the higher molar mass PS polymers significantly increased. The addition of ACN to 
the mobile phase improved the separation on both columns, making their performances 
similar to each other. However, the performance of the C18 column was improved 
significantly more by the increase in ACN content than that of the fluoro-phenyl column.  
C18, C8, cyano, and phenyl, Zorbax Stable Bond columns (columns 3 - 6 of Table 2.1) of 
the same pore diameter, column length, and inner diameter, were compared using PS and 
PMMA calibrants and an ACN-modified mobile phase (70/30 (v/v) THF/ACN). Molar 
masses of PMMA calibrants (   550; 3,070; 7,360; 20,310; and 46,890) were similar to 
PS molar masses (   580; 2,780; 7,350; 19,500; and 51,200).   
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Figure 2.4 Separation of PS standards using 62/38 (v/v) THF/ACN as the mobile phase on fluoro-phenyl 
(A) and C18 (B) stationary phases, columns 1 and 2 in Table 2.1. Instrumentation and other conditions are 
as in Figure 2.3.  
The elution volumes of PMMA 7,360 and PS 7,350 on these columns are shown in 
Figure 2.5 as a function of relative column polarity. Except for PS with the cyano 
column, the elution volumes of both calibrants were inversely related to column polarity. 
Furthermore, PS calibrants had larger elution volumes than PMMA calibrants on all 
phases, except cyano, where they became equal. From these observations, column 
polarity, as well as solute and eluent polarities, affects solute bulkiness and column steric 
interaction. In other words, column-eluent interaction affects the column steric interaction 
parameter, and the solute-eluent interaction affects the solute bulkiness parameter.  
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Figure 2.5 Dependence of the elution volumes of PS (Mp 7,350) and PMMA (Mp 7,360) on solute and 
stationary phase chemistries using columns 3 – 6 of  Table 2.1 with a mobile phase comprised of 70/30 
(v/v) THF/ACN. Instrumentation: Agilent 1100 with a variable wavelength absorbance detector set to 262 
nm for PS and to 230 nm for PMMA. Other conditions are as in Figure 2.3.  
2.4.3. Effect of Solute, Eluent and Stationary Phase Polarities on Elution Behavior 
In section 2.4.2 it was already discussed that the size-exclusion elution behavior of 
solutes varies with the stationary phase polarity. In addition to this, from Figure 2.4 and 
Figure 2.5, it can be seen that elution of solutes also vary with the mobile phase 
polarities, and Figure 2.5 demonstrates that the solute polarity is a significant factor as 
well. In order to evaluate the influence of the solute, mobile phase and stationary phase 
polarities on the elution behavior, examined elution volumes obtained on columns of 
different chemistry and polarity, C18, phenyl and fluoro-phenyl (columns 1, 2 and 7 of 
Table 2.1) for polymers of different polarity (PMMA and PS molecules, Figure 2.6) using 
mobile phases comprised of different ratios of THF and ACN: (100/0 (v/v) THF/ACN; 
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80/20 (v/v) THF/ACN; 70/30 (v/v) THF/ACN; 62/38 (v/v) THF/ACN; and 60/40 (v/v) 
THF/ACN).  
 
Figure 2.6 Structures of polymer analytes, PS and PMMA 
Polynomial curves were fitted to the experimental data of the elution volume for PS   
7,350 and PMMA   7,360 versus column relative polarity in Figure 2.7. In addition, the 
same experiments were performed for a polar HILIC column (column 8 of Table 2.1), 
and a plot of        versus elution volumes for PS (   19,500;   7,350; and   2780) 
and PMMA (   20,310;   7,360; and   3,070) is shown in Figure 2.8.  
From Figure 2.7 it can be seen that the elution volumes of both PS and PMMA solutes 
depend on the stationary phase polarity, and in addition that non-polar PS is more 
sensitive to changes in the mobile phase polarity than PMMA. Glöckner [68] suggested 
that the SEC distribution equilibrium is reached between the mobile phase in the 
interstitial volume and the chemical environment within the pores. Therefore, the 
distribution of the solute between stationary and mobile phases maybe treated 
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thermodynamically like a partition between phases. The extent of this partition is 
controlled by the thermodynamic quality of the eluent toward the solutes and by the 
extent of stationary phase solvation.  
1.  
Figure 2.7 Dependence of the elution volumes of PS (Mp 7,350) and PMMA (Mp 7,360) on the polarity of 
the solute, mobile phase, and stationary phase using three RP columns (1, 2 and 7 of Table 2.1).  
Instrumentation: Agilent 1260 with a diode array absorbance detector set to 262 nm for PS and to 230 nm 
for PMMA. Other conditions are as in Figure 2.3.  
Thermodynamic properties of polymer solutions depend on the polymer-solvent 
interaction. Dissolved polymers behave differently in different solvents, or in other 
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polymers is a sphere. The greater the affinity of the solvent for the polymer, the larger is 
the sphere. Coiled molecules in solution exhibit a strong entrapment of the solvent 
molecules in their interior. As the polymer-solvent interaction decreases, intramolecular 
interactions of a polymer cause the contraction of the sphere [73]. Therefore 
hydrodynamic volume of a polymer is the largest in “good” solvents, and it is smallest in 
“poor” solvents [74]. In mixtures of solvents that have different thermodynamic qualities, 
one of the solvent components, usually a better solvent [68] but not solely, prevails 
within the solvation sphere of the polymers. In addition to the thermodynamic quality of 
the solvent, temperature may also affect the size of polymeric coils.  
2.  
Figure 2.8 Dependence of the elution volumes of PS (Mp 19,500; 7,350; and 2,780) and PMMA (Mp 
20,310; 7,360; and 3,070) on the polarity of the solute and mobile phase composition using a HILIC 
column (no. 8 in Table 2.1). Instrumentation is as in Figure 2.7, other conditions are as in Figure 2.3. 
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When THF, a thermodynamically “good” solvent for PS and PMMA, was used as the 
mobile phase, PS eluted earlier than PMMA of the same molar mass on all columns (non-
polar, medium polarity, and polar) (Figure 2.7 and Figure 2.8). This elution order was as 
expected because PMMA has a slightly smaller hydrodynamic volume than PS of the 
same molar mass in THF. This is due to differences in their chemical composition and 
polarity that result in different degrees of swelling in the good solvent (THF).  PMMA 
polymers are medium polarity, while PS polymers are non-polar. Estimated molecular 
bulkiness for PS and PMMA molecules in THF by the viscometric radii using equation 
(2.8), where intrinsic viscosity was calculated using Mark-Houwink equation (2.6) with 
coefficients           
          and         [52, 75] for PS molecules, and 
with coefficients           
          and         [75] for PMMA molecules. 
In THF, the viscometric radius of PMMA (   7360) is 1.8 nm and of PS (   7350) is 
1.9 nm. Note that in the absence of coefficients data at 30°C, data at 25°C from reference 
[75] was used for this qualitative study. Also, rounded to two decimal places the 
coefficient data for PS at 30°C in reference [52] were the same as that at 25°C in the 
reference [75]. 
Thus, when THF is employed as the mobile phase, elution volumes of PMMA should be 
slightly greater than those of PS. However, while elution volumes of PMMA and PS in 
THF differed only slightly on the non-polar columns (C18, 0.01 mL, and phenyl, 0.02 
mL), they differed more significantly on a medium polarity (fluoro-phenyl, 0.05 mL) 
column (Figure 2.7), and even more so on a polar (HILIC, 0.08 mL) column (Figure 2.8). 
These differences in elution volumes were attributed to the differences in the chain length 
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and chemistry of the attached ligands that determine the polarity of the stationary phase. 
An attempt to explain them by the stationary phase preferential solvation that impacts 
chain order and solute partitioning within the solvated stationary phase was made in the 
following paragraphs. The higher the stationary phase order and the longer are the 
bonded ligands, the more extended are the stationary phase ligands, the larger is the steric 
interaction at the pore entrance and within the pore, and the shorter is the elution volume 
of a polymer. Rafferty et al. [76]  conducted molecular simulations to study mobile phase 
effects on RP stationary phase structure. They concluded that solvent penetration into the 
stationary phase is the largest factor contributing to increased chain order, and that less 
polar solvents penetrate further into the non-polar C18 structure, producing higher chain 
order. Then, increased chain order is expected for the non-polar stationary phases 
solvated with the non-polar eluent, for the medium polarity stationary phases solvated 
with the medium polarity eluent, and for the polar stationary phases solvated with the 
polar eluent. Depending on solvation interactions of the stationary phase ligands and the 
eluent, the “tightness” of the stationary phase can be varied, and this will also have an 
impact on the stationary phase pore volume.  
This allows us to assume that non-polar stationary phases (C18 and phenyl) are more 
ordered when solvated by less polar THF, compared to ACN, and therefore exhibit higher 
steric interactions (especially C18 because of longer ligands). Similarly, medium polarity 
and polar stationary phases (fluoro-phenyl and HILIC) are less ordered when solvated by 
the less polar THF molecules. The volume of the solvent layers covering the pore walls 
may also affect the accessibility of the pores. ACN is preferentially adsorbed on 
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stationary phase ligands that exhibit an affinity for π-π interaction, forming multiple 
layers [77, 78], and THF is preferentially adsorbed on hydrogen-bond donor stationary 
phases [78, 79]. Thus, when THF is employed as the eluent, steric interaction is increased 
on the non-polar columns resulting in reduced elution volumes. On the other hand, steric 
interaction is decreased on the polar columns resulting in increased elution volumes. 
Thus elution volumes of solutes depend on both (i) the degree of their solvation and on 
(ii) the degree of the stationary phase solvation, which in its turn dictates steric 
interaction between the solute and the stationary phase.  
Therefore, when mixed solvents were employed (80/20 (v/v) THF/ACN; 70/30 (v/v) 
THF/ACN; 62/38 (v/v) THF/ACN and 60/40 (v/v) THF/ACN), changes in elution 
volumes of the polymeric solutes were observed compared to when a single, medium 
polarity solvent (100/0 (v/v) THF/ACN) was employed. For the non-polar PS solutes, a 
dramatic increase in elution volumes was observed on the non-polar columns and a 
noticeable change was observed on the medium polarity column when concentration of 
the polar solvent (ACN) was increased in the mobile phase. For the medium polarity 
PMMA solutes, however, the elution volumes were only insignificantly affected (Figure 
2.7 and Figure 2.8). These results are again explained by solute-solvent and stationary 
phase-solvent interactions.  
From the observations discussed above, it can be inferred that, depending on solvation 
interaction of the stationary phase with the solvent molecules, steric interaction of the 
column will be decreased or increased. A more ordered state of the bonded stationary 
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phase ligands (extended and aligned away from the silica substrate) increases steric 
interaction and thus decreases accessibility of pores and the volume within the pores, and 
the less ordered state (folded, pointing towards the silica substrate) decreases steric 
interaction and thus increases the total volume (within and outside the pores) of the 
column. Therefore, steric interaction of a specific column will vary with the polarity of 
the solvent (mobile phase) used. This explains the trend in elution volumes with THF 
eluent, depicted in Figure 2.7. 
The impact of stationary phase solvation by the solvent molecules on the accessible pore 
volume of the column was investigated by measuring total permeation volumes (elution 
of toluene),   , and interstitial volumes (elution of PS   126,000),   , and calculating 
pore volume,   , using equation (2.2), for columns 1, 2, 7 and 8 of Table 2.1. The total 
permeation, interstitial and pore volumes, and phase ratios were then plotted versus 
concentration of ACN in the mobile phase in Figure 2.9. Total permeation volumes 
(Figure 2.9, A) increase on all columns with the increase of ACN concentration in the 
mobile phase from 0 to 40%, however, the rate of the increase varies from column to 
column. Thus, the smallest increase is seen on the HILIC column (0.03 mL), larger 
increase on the fluoro-phenyl (0.05 mL) and phenyl columns (0.06 mL), and the largest 
increase on the C18 column (0.11 mL). These differences in total permeation volume are 
attributed to the stationary phase preferential solvation (that determines stationary phase 
order) outside the pores in the interstitial volume and within the pores. In the case of non-
polar columns, especially C18, significant reduction in the total column porosity in 100% 
THF mobile phase once more suggests higher stationary phase order and thus higher 
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steric interaction and reduced elution volumes. Interstitial volumes in their turn (Figure 
2.9, B) increased with the increase of ACN concentration on all columns at 
approximately the same rate for all columns (slightly higher on the HILIC column). 
However, this increase took a sharp upward turn on the non-polar columns (C18 and 
phenyl) with the ACN concentrations above 30%. As the result, accessible pore volumes 
varied from column to column (Figure 2.9, C). 
 
Figure 2.9 Effect of ACN concentration in the THF mobile phase on stationary phase characteristics 
relevant to size-exclusion: total permeation volume Vt (A), interstitial volume V0 (B), pore volume Vi (C), 
and phase ratio, Vi/V0 (D) for C18, fluorophenyl, phenyl, and HILIC columns (Columns 1, 2, 7 and 8 in 
Table 2.1). Instrumentation and other conditions are as in Figure 2.3. 
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The most significant increase of the pore volume is seen on the C18 column, followed by 
fluoro-phenyl and phenyl columns with increased ACN concentration, while almost no 
change is observed on the HILIC column. As the consequence, of variable rates of 
increase of interstitial and pore volumes, Figure 2.9 (D) predicts variations of the phase 
ratios,        ,  from column to column with the variations of ACN concentration in the 
mobile phase.  It predicts that the separation efficiency of the C18 column is less than that 
of the fluoro-phenyl column when 100% THF is employed as the eluent.  Then the 
separation efficiency on both columns increases and becomes similar when ACN 
concentration in the mobile phase is increased to 20%. Further increases in ACN 
concentration in the mobile phase result in a reversal of column performance - the 
separation efficiency of the C18 column becomes superior to that of the fluoro-phenyl 
column. This is what we observed for PS in Figure 2.3 and Figure 2.4. At 40% ACN 
concentration in the mobile phase, the separation performance of a smaller pore (130 Å) 
C18 column is similar to that on a larger pore (200 Å) HILIC column. This is due to the 
greater reduction in the phase ratio of the more polar HILIC column resulting from the 
higher degree of the interstitial volume increase than that of the total permeation volume. 
From Figure 2.7 and Figure 2.8 it can be seen that while the separation of PMMA is also 
enhanced by the increased column phase ratio (or pore volume), it is modified to a lesser 
extent than the separation of PS. This indicates that PS is more sensitive to the changes in 
solvent quality than PMMA. THF is a “good” solvent for both, PS and PMMA polymers, 
but ACN is a “poor” solvent for both polymers (ACN is a theta solvent for PMMA 
polymers at 45°C [80], however, our operating condition (column temperature) was 
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30°C). In the mixture of solvents with different thermodynamic qualities, the “good” 
solvent usually prevails in the solvation of the polymers [68]. Therefore, both polymers 
are solvated with THF molecules. On addition of ACN to the THF mobile phase, PS 
polymeric coils shrink, and therefore their elution volumes increase, however only an 
insignificant change in the hydrodynamic volume of the PMMA coils was observed. 
Based on Hansen solubility parameters [81], the interaction of THF molecules with 
PMMA coils is stronger than that with PS coils. And therefore it can be inferred that 
polar PMMA molecules are able to maintain solvated THF molecules much better than 
PS molecules. Well-solvated PMMA molecules are less prone to respond to changes in 
the mobile phase composition, while PS molecules lose their THF molecules and 
significantly decrease in size.  
The polarity and thermodynamic quality of the eluent play an integral role in SEC. When 
the concentration of ACN in the mobile phase was increased above 41%, changes were 
observed in the chromatographic behavior of PS solutes that indicated sorption 
interactions on C18 and phenyl columns.  Medium polarity and polar stationary phases, 
such as fluoro-phenyl and HILIC, tolerated higher concentrations of ACN in the mobile 
phase (> 50% ACN) before exhibiting sorption interactions for PS solutes. PMMA 
solutes were affected less by higher concentration of ACN in the mobile phase than PS 
solutes. No adsorption of PMMA solutes was observed with ACN concentration up to 
70% on C18 column, and up to 90% on fluoro-phenyl and HILIC columns.  
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Figure 2.8 demonstrates that on a polar HILIC column, elution volumes of PS molecules 
are only insignificantly affected, and PMMA molecules are unaffected by the change in 
the mobile phase polarity. When THF is employed as the eluent, the structure of the polar 
groups of the stationary phase is probably less ordered. Introduction of ACN into the 
system promotes competition of ACN and THF molecules for the adsorption sites on the 
polar stationary phase. Polarity indices of THF and ACN are 4.0 and 5.8, respectively 
[28], and therefore, ACN molecules would be more effective in displacing THF 
molecules on the polar stationary phase. The stationary phase order would slightly 
increase due to stronger interactions with ACN molecules that are able to penetrate 
further into the polar stationary phase than THF molecules. From the more ordered 
stationary phase ligands reduced pore volumes are obtained, and therefore, steric 
interaction increases. However, cross-linking of the diol groups on HILIC stationary 
phase would probably make them less susceptible to significant order changes. And this 
is a possible explanation of almost no changes in elution volumes of PMMA solutes with 
the increased polarity mobile phase on this column. Column-solvent solvation interaction 
is determined by the orientation of solvent molecules within the stationary phase and 
interfacial region. Depending on solvent polarity, thermodynamic quality, and the 
orientation of the solvent molecules, solutes will be preferentially oriented towards the 
solvent molecules bound to the stationary phase ligands. And because the stationary 
phase is a heterogeneous medium, solutes will also have multiple preferred locations 
within the solvated stationary phase [76]. Although it is well-known that polymers will 
shrink when the concentration of “poor” solvent in the mobile phase is increased, Figure 
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2.8 shows that PS elution volumes do not increase significantly on the polar column, 
compared to previous observations on the non-polar columns in Figure 2.7. This is 
possibly due to their preference to remain in the less polar mobile phase rather than 
explore polar stationary phase pores solvated with polar solvent. This preferred location 
within the mobile phase causes their earlier elution. This is also seen on a medium 
polarity (fluoro-phenyl) column in Figure 2.7, where elution volumes of PS molecules do 
not change as significantly as that on non-polar columns upon increased concentration of 
ACN in the mobile phase. This explains the significant differences observed between the 
elution volumes of PS and PMMA calibrants on HILIC and fluoro-phenyl packings when 
THF is employed as the mobile phase, which were discussed earlier in this section. 
A unique elution behavior for PS and PMMA is observed on the medium polarity 
columns, such as fluoro-phenyl and cyano (columns 2 and 4 of Table 2.1). At a certain 
mobile phase composition/polarity (70/30 (v/v) THF/ACN for the cyano column, and 
60/40 (v/v) THF/ACN for the fluoro-phenyl column), PS and PMMA molecules of the 
same molar mass elute at the same elution volumes (Figure 2.5, Figure 2.7, and Figure 
2.10). The consequence of the medium polarity stationary phase phenomenon is that 
elution of polymers with different polarities at the same elution volumes can be achieved. 
This means that for a set of polymers (e.g., PS and PMMA) with an appropriate mobile 
phase composition, a calibration curve can be constructed with readily available, low 
dispersity well-characterized standards (e.g., PS), and then applied to a different polarity 
samples (e.g., PMMA).  
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Figure 2.10 Elution of PS (solid trace) and PMMA (dashed trace) standards of similar molar masses (but 
widely different polarities) on a fluoro-phenyl column (column 2 in Table 2.1) at a mobile phase 
composition of 60/40 (v/v) THF/ACN. Instrumentation is as in Figure 2.5, other conditions are as in Figure 
2.3.  
2.4.4. Effect of Pore Size on Elution Behavior 
It is a well known fact for both RPLC and SEC that increasing column length increases 
resolution, and therefore this relation is not being confirmed here. Instead, the effect of 
the stationary phase pore size on size-exclusion elution on RP columns is being 
examined, as it is beneficial to optimization of the SEC effective separation range. In 
order to maximize resolution of an SEC separation, a column’s phase ratio          or 
column’s porosity, has to be maximized [28]. This extends the diffusion paths within the 
pores that the molecules can take, and therefore improves the separation. Thus far we 
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looked at the separation of polymers on very small pore size columns, 80 Å and 130 Å, 
where the maximum molar mass separation range was 0.5-51 kDa, and 0.5-126 kDa, 
respectively. Here we examine, using PS and PMMA standards, the separation efficiency 
on 300 Å columns from the same manufacturer that differed only in stationary phase 
chemistry (C4, phenyl and cyano, columns 9 - 11 of Table 2.1) using medium polarity 
THF mobile phase modified with polar ACN solvent at different ratios (100/0 (v/v) 
THF/ACN; 80/20 (v/v) THF/ACN; 70/30 (v/v) THF/ACN; and 60/40 (v/v) THF/ACN).  
The larger pore sizes of these columns extended molar mass separation range to 791 kDa, 
compared to 126 kDa on smaller pore size columns. The increase in the elution volumes 
stems from the reduction of the column steric interaction. As in the previous experiments, 
we observed that elution volumes of PMMA molecules were only insignificantly affected 
by the change in the mobile phase polarity, while elution volumes of PS molecules 
experienced significant changes due to shrinking of the PS coils, and changes in the 
stationary phase order. Elution volumes of PS solutes increased upon increasing ACN 
concentration in the THF mobile phase. Again, for the cyano column, no significant 
change in elution volumes was observed with the change in the mobile phase polarity. As 
in the previous experiment, the impact of stationary phase solvation by the solvent 
molecules on the accessible pore volume of the column was investigated. Shown in 
Figure 2.11 are the total permeation volumes (measured by the elution volume of 
toluene), interstitial volumes (as measured by the elution volume of PS   791,000), 
pore volumes, and phase ratios versus concentration of ACN in the mobile phase. Again 
as in the case with smaller pore size columns in Figure 2.9, an increase is seen in total 
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permeation volumes for all columns when ACN concentration was increased in the 
mobile phase from 0 to 40% (Figure 2.11, A). And again, the rate of the increase varied 
from column to column, where the smallest increase is seen on the cyano column (0.01 
mL), larger increase on the phenyl column (0.02 mL), and the largest increase on the C4 
column (0.03 mL). Noticeably, this increase in the total pore volume of the column was 
less pronounced than what was seen on the smaller pore columns. Therefore, we can infer 
that larger stationary phase pores are affected by the changes in ligands order to a lesser 
extent, and thus steric interaction will not be affecting elution of the solutes as 
significantly as on the smaller pore columns. Figure 2.11 (C) demonstrates only small 
changes in the pore volume of the columns with the changes in ACN concentration. 
Because of less ordered stationary phase structure on C4 and phenyl columns in polar 
solvent, pore volumes increased until ACN concentration reached 30%. However, phase 
ratios were decreasing with the increased polarity of the mobile phase because interstitial 
volumes of the column packing were also significantly increasing. Because ACE columns 
have larger particle size (3 µm) than XSelect columns (2.5 µm), they have larger 
interstitial volumes that decrease column separation efficiency. However, because their 
initial large pore volume results in higher phase ratios compared to XSelect columns, 
overall the ACE columns have better separation efficiency. 
Figure 2.11 (D) predicts that separation efficiency of the phenyl column is better than that 
of C4 column, and that separation efficiency of CN column is the worst out of the three 
columns when THF eluent is employed. The separation efficiency decreases on all 
columns with the increase of ACN concentration in THF mobile phase. This is what we 
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confirmed with PS calibrants in Figure 2.12. While separation of the PS solutes remained 
acceptable on the cyano column upon changing mobile phase composition from 100/0 
(v/v) THF/ACN to 60/40 (v/v) THF/ACN, it significantly decreased for low molar mass 
solutes (580 - 7,360) on C4 and phenyl columns (Figure 2.12). This is due to a significant 
increase of the interstitial volumes and decrease of the pore volumes on the phenyl and 
C4 columns with the higher polarity mobile phase.  
 
Figure 2.11 Effect of ACN concentration in the THF mobile phase on stationary phase characteristics 
relevant to size-exclusion: total permeation volume Vt (A), interstitial volume V0 (B), pore volume Vi (C), 
and phase ratio, Vi/V0 (D). Column types from the same manufacturer: C4, phenyl, and cyano (columns 9 - 
11 in Table 2.1). Instrumentation as in Figure 2.5, other conditions are as in Figure 2.3.  
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2.5. Conclusions 
RP and HILIC columns are very attractive for SEC separations because they are 
mechanically strong, compatible with all organic solvents and water, stable at low and 
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Figure 2.5, other conditions are as in Figure 2.3. 
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moderately high pH, require short equilibration times, and are relatively inexpensive. 
These columns offer the most inert surface as interactions with the bonded ligands can be 
suppressed by an organic solvent. Bonded phase columns of various polarities show 
remarkable differences in size separations that are controlled by selection of an 
appropriate mobile phase. The SEC separation mode on RP and HILIC columns can be 
easily achieved when non-size-exclusion effects are eliminated with the appropriate 
selection of mobile phase composition. This study demonstrates simple and efficient size-
exclusion separations of synthetic polymers on RP and HILIC columns. The key 
elements of obtaining efficient separations on RP columns are increasing the SEC phase 
ratio and decreasing polymer hydrodynamic volume. Both components are controlled by 
an appropriate mobile phase selection. 
The elution behavior of synthetic polymers was studied on stationary phases with a range 
of polarities using mobile phases comprised of different proportions of 
thermodynamically “good” and “poor” solvents (low and moderate polarities). Column 
and mobile phase polarities determine the degree of solvent-stationary phase solvation 
interaction. When the polarity of the mobile phase is similar to that of the stationary 
phase, the degree of mobile phase penetration into the bonded phase is large. Bonded 
ligands are well solvated and assume a more ordered structure (extended with ligands 
aligned away from the silica substrate). Ordered ligands of the stationary phase, covered 
by solvent layers, decrease accessibility of the pores and the interior porosity, and 
therefore increase steric interaction. The larger the solute-stationary phase steric 
interaction, the smaller the elution volume. When the polarity of the mobile phase is 
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significantly different from that of the stationary phase, the degree of mobile phase 
penetration into the bonded phase is small. Bonded ligands are poorly solvated and 
assume a less ordered structure (folded, with ligands pointing towards the silica 
substrate). This occurs when a polar solvent is used with a non-polar stationary phase, or 
a non-polar solvent is used with a polar stationary phase. Less ordered ligands aligned 
towards the silica substrate increase the accessible pore volume, and therefore decrease 
the steric interaction of the column. The degree of the stationary phase order upon 
solvation with the eluent molecules also depends on the stationary phase “tightness” (e.g., 
length, rigidity, cross-linking and concentration of ligands). Thus, long ligands such as 
C18 exhibit low SEC separation efficiency when solvated by a medium polarity eluent. 
However, their SEC separation efficiency is significantly improved when a more polar 
eluent is used. 
Increasing the pore size of the stationary phase increases the elution range of the column. 
The effect of the stationary chain order on the elution of the solutes is diminished on 
large (300 Å) stationary phase pores. However, if a given mobile phase significantly 
decreases solute-stationary phase steric interactions, resolution of low molecular mass 
polymers may be compromised. Therefore the choice of the pore size for a column is a 
compromise between resolution and the elution range which is based upon the type of the 
mobile phase used. 
Polymeric coil bulkiness depends on the thermodynamic quality of the solvent/mobile 
phase. Dissolved polymers form coils of different hydrodynamic volumes and shapes, 
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depending on their polarity. Thus, depending on the properties of the mobile phase, 
polymeric coil hydrodynamic volumes can be increased, decreased, or kept the same. 
This can have a dramatic effect on the elution volumes of the polymers and their 
separation efficiency. The smaller is the hydrodynamic volume of a polymer, the more 
pore volume of a column it will explore, resulting in more efficient separations.  
Thus, solvation interactions between the solvents of the mobile phase and a polymer, and 
between the solvents of the mobile phase and stationary phase determine, respectively, 
polymer bulkiness and polymer-column steric interaction. Solvation interactions in their 
turn depend on polymer, mobile phase and stationary phase polarities.  
A unique condition can be achieved with an appropriate mobile phase composition which 
allows the elution of polar PMMA and non-polar PS polymers of the same molecular 
mass at the same elution volume. 
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CHAPTER 3: SOLVENT AND TEMPERATURE EFFECTS IN NON-AQUEOUS 
SIZE-EXCLUSION CHROMATOGRAHPY ON REVERSED-PHASE 
COLUMNS 
3.1. Introduction 
Column efficiency is a measure of band broadening that is used to assess the ability of a 
column to minimize peak dispersion and with that, to provide high resolution. It is 
important to understand the causes of band broadening in order to keep them to a 
minimum so that efficiency can be maximized. Peak width and elution time determine 
plate number for the column. Various processes that occur inside and outside the column 
contribute to the peak width. Often the extra-column contributions can be ignored, but it 
depends on the characteristics of the equipment and column size.  
The efficiency of a column is inversely proportional to its height equivalent to a 
theoretical plate, HETP, which, in turn, is a function of the linear velocity of the mobile 
phase, the particle diameter of the column packing, the packing efficiency of the column, 
and the diffusion coefficient of the analyte in the mobile phase [52]. Van Deemter et al. 
[82] established an expression of HETP as the sum of the four contributions: (i) 
longitudinal diffusion - a process of solutes migration from a more concentrated to a 
more dilute region of a medium – that is inversely proportional to the mobile phase 
velocity (the less time the solute spends within the column, the less time it has to diffuse); 
(ii) eddy dispersion - some molecules undergo several diversions as they travel along the 
column, while others travel along an almost straight line, so that their lengths of their 
pathways differ significantly from one another; (iii) the mass transfer resistance – an 
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effect related to the finite time for a solute to diffuse from the interstitial volume into the 
pores, and then back out again; and (iv) stagnant mobile phase and stationary phase mass-
transfer – a process where the rate of diffusion of the analyte molecules between the 
mobile phase outside the pores of the particles (flowing mobile phase) differs from the 
rate of diffusion within the pores of the particles (stagnant mobile phase) [83]. These four 
contributions are responsible for the band broadening due to the mass transfer processes 
that take place in any type of chromatographic column. While for small molecules the 
main contributor to HETP is the eddy dispersion term (at least 75%) [84], for large 
molecules – it is the mass transfer term (dispersion in the stagnant mobile phase and slow 
interparticle mass transfer in the mobile phase), due to small diffusion coefficients of 
macromolecules [12].  Because the diffusion coefficient depends on the size, or rather on 
the hydrodynamic radius (a homogeneous-hard-sphere-equivalent measure of solvated 
size, also known as the Stokes raidus) of the analyte in solution, band broadening is a 
function of a solute’s molar mass. In SEC, the longitudinal diffusion contribution to 
HETP is minimal because the large solute molecules have very small diffusion 
coefficients (with the exception of oligomeric SEC). Thus, peak dispersion in SEC, as in 
any other mode of liquid chromatography, can be minimized by using columns packed 
with small particles operated close to their optimum mobile phase velocity [14]. 
The resolution of an SEC separation can be improved by minimizing peak dispersion 
(increasing chromatographic efficiency) and maximizing the internal pore volume. In 
SEC, separation of solutes takes place in the pore volume of the packed column,    [85]. 
The phase ratio         is a SEC elution parameter that is directly proportional to the 
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porosity of the packing. While band broadening increases with          large porosity is 
critical to SEC separations due to a required pore volume for acceptable resolution [12]. 
By increasing pore volume and decreasing a solute’s hydrodynamic volume, the mass 
transfer contribution to band broadening will be decreased and, thus, the separation 
efficiency (and resolution) will be increased. For a given column-solute combination, the 
only variables of the experimental set-up that can be manipulated to increase efficiency 
of a separation, and thus molar mass resolution, are the solvent type used as the mobile 
phase, the column temperature and flow rate. In SEC, unlike RP-HPLC, the mobile phase 
is not varied to control resolution [12]. However, as demonstrated in chapter 2, solvation 
interactions between a solvent and a surface-functionalized stationary phase can influence 
the order of the bound ligands, which in turn impacts the phase ratio. To avoid high 
column pressures and to minimize the kinetic contributions to band broadening, the 
solvent should have a low viscosity [68]. Therefore, the effect of solvent properties on the 
elution of solutes should be investigated.  
Theoretically, elution in SEC should be temperature-independent, because separation is 
governed mainly by the entropy change of the molecules between the mobile phase and 
the stationary phase [52]. However, temperature is a useful parameter to adjust in order to 
aid the dissolution of the sample and/or to reduce the viscosity of the mobile phase [86].  
The optimal flow rate can be determined empirically using the HETP calculated at 
different flow rates after selection of the column type (pore size and packing particle 
diameter), mobile phase, and column temperature have been made for the SEC separation 
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of a particular analyte. Most synthetic polymers are mixtures defined by a molar mass 
distribution (MMD) and its accompanying statistical moments (molar mass averages). 
Under these circumstances, the peak width and consequently the plate height are 
determined by both chromatographic dispersion and molar mass dispersion (breadth of 
the MMD, which is a flow-rate-independent parameter) [14]. Therefore, an optimal flow 
rate should be determined for each specific set of chromatographic parameters, which is 
not always practical. Because these types of calculations are now easily and commonly 
performed [87], this thesis will not pursue an evaluation of the effect of flow rate on 
separation.  
The number of solvents suitable as SEC mobile phases is limited to those that can 
dissolve polymer analytes (a temperature-dependent solvent property), that are 
compatible with the SEC column of choice, and that generate sufficient contrast 
(spectroscopic or otherwise) in the detector [52, 86]. The first two requirements are not as 
stringent for RP columns. As demonstrated in chapter 2, in certain cases, not only a 
“good” solvent, but a mixture of organic solvents that differ in polarity and 
thermodynamic quality towards a polymer (a mixture of a “good” and a “poor” solvent) 
can be used effectively as an SEC mobile phase. Potential benefits of solvents that reduce 
solute bulkiness (i.e., solvents that reduce the hydrodynamic volume an analyte occupies 
in solution) are higher resolution and a wider separation range for a given pore volume of 
a column. Reverse-phase silica columns are compatible with a wide range of organic 
solvents, and the rigid porous particles neither swell nor shrink as the mobile phase 
composition is changed. Chemical modifications of the silica surface can result in a loss 
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of pore volume, however. For example, the pore volume of the C18 column is reduced by 
the thickness of silica-bonded C18 chains that was measured to be 2.1 ± 0.3 nm in 
methanol solvent [88]. Nevertheless, pore volume can be manipulated by using a solvent 
that decreases the order of the bonded ligands, as seen in chapter 2.  
THF is one of the most commonly used solvents for non-aqueous SEC because it is a 
good solvent for a wide range of polymer types. However, this solvent is toxic, attacks 
polyether ether ketone (PEEK) tubing, forms peroxides that can result in an explosion 
and is expensive. During the last 15 years, scientists have been exploring ways to make 
analytical chemistry “greener” [89]. The main drivers for this are employees’ health, 
process safety, environmental impact, waste disposal, and costs associated with all of the 
above. If it is not possible to replace THF by a “greener” solvent, then perhaps its toxicity 
can be reduced by mixing it with another, less toxic, solvent. 
This chapter compares the effect of neat THF to that of mixtures of THF with a variety of 
common HPLC solvents (chloroform, acetone, 2-propanol, DMF, ethanol, acetonitrile, 
and methanol – listed in Table 3.1) on reversed-phase stationary phase (C18, C4, phenyl, 
and cyano – listed in Table 3.3) characteristics relevant to size-exclusion: total 
permeation volume,   ; interstitial volume,   ; pore volume   ; and phase ratio,   /  . 
The solvent effect on the elution of narrow dispersity, linear PS and PMMA polymers is 
also investigated, as is  the effect of column temperature (within a relatively narrow range 
corresponding to typical chromatographic conditions, i.e., 10 ºC – 60 ºC) on the partition 
coefficient      of PS and PMMA polymers. 
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3.2. Theory 
There are various general schemes that categorize the solvation properties of liquids,  
including empirical estimates of a solvent’s strength and selectivity for HPLC 
applications [14]. A solvent’s ability to elute analytes from a column is estimated by the 
solvent (elution) strength parameter. This strength depends on the mobile phase 
composition (e.g., nature and concentration of solvents), type of column stationary phase, 
column temperature and solute properties. Thus, elution strength is not a sole property of 
the solvent, but is a composite property of the variables involved [13]. Nevertheless, the 
elution strength is a practical concept in LC that is used to control the retention of 
analytes in RP-HPLC, where elution strength is associated with the ability of solvents 
with high elution strength to sweep away the retained solutes, i.e., to elute solutes faster, 
or in other words, to minimize the elution volumes of solutes. Thus, elution strength is 
related to the ability of a solvent to interact with the stationary phase. For the purpose of 
this SEC study, the strength of a solvent will be identified by its ability to minimize the 
solute-accessible column volume (i.e., to minimize the total permeation volume), which 
is the ability of a solvent to interact strongly with the stationary phase. While solvents can 
have similar elution strengths as each other, they can also differ in selectivity, resulting in 
differences in the separation order for solutes in RP-HPLC [13]. Again, this would not be 
the case for ideal SEC, where the elution order is molecular size dependent. However, 
because the selectivity parameter is determined by the relative capability of a solvent to 
engage in specific intermolecular interactions, it will determine solvation interactions of 
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solvent-stationary phase, solvent-solvent, solvent-solute, and solvated stationary phase-
solvated solute, which influence the efficiency of the size separation. 
The Hildebrand solubility parameter, δH (total solubility parameter), is an estimated 
measure of elution strength. It is derived from the cohesive energy density of the solvent 
that, in turn, is derived from the solvent’s heat of vaporization [14]. The total solubility 
parameter is based on the estimation of the global strength of the interactions within the 
solvent molecules, and on an assumption that the strength of solute-solvent interaction is 
represented by the internal forces among solvent molecules [13]. Solvents selected for the 
study are listed in the order of increased Hildebrand solubility parameter in Table 3.1. 
Thus, the elution strength of these solvents decreases from THF to methanol for RP-
HPLC, with THF being the strongest solvent. 
In a solvent mixture, the global strength of the mixture,          , is estimated by the 
following equation: 
                    (3.1) 
where    and    represent the Hildebrand solubility parameter and volumetric fraction, 
respectively, of each individual solvent (j) in the mixture [13]. Solubility parameters 
calculated for the solvent mixtures used in this study are presented in Table 3.2. 
 
71 
 
 
Table 3.1 Solvent properties. 
a
[13] - Hildebrand units converted into (J
.
cm
-3
)
0.5
, or MPa
0.5
, by a factor of 
2.045; selectivity factors α, β and π*represent solvent ability to interact as hydrogen ion donor, hydrogen 
ion acceptor, and by polar and polarization effects, respectively; 
b
[28]; 
c
[14]. 
Solvent 
a
Hildebrand 
Solubility, 
MPa
0.5
 
b
Polarity 
Index 
a
Normalized 
selectivity factors 
derived from 
Kamlet-Taft 
solvatochromic 
parameters 
c
Selectivity 
Group 
a
UV Cutoff, 
nm 
α β π* 
Tetrahydrofuran 18.6 4.0 0.00 0.49 0.51 III 212 
Chloroform 18.8 4.1 0.43 0.00 0.57 VIII 245 
Acetone 19.6 5.1 0.06 0.38 0.56 VI 330 
2-Propanol 23.3 3.9 0.35 0.43 0.22 II 205 
Dimethylformamide 24.1 6.4 0.00 0.44 0.56 III 268 
Ethanol 24.5 4.3 0.39 0.36 0.25 II 205-210 
Acetonitrile 24.8 5.8 0.15 0.25 0.60 VI 190 
Methanol 29.6 5.1 0.43 0.29 0.28 II 205 
 
Because a solvent’s ability to dissolve a given polymer is temperature dependent, the 
experimental conditions over which polymer solubility varies are often referred to  as 
“good”, “poor”, theta and  non-solvent solvent/temperature conditions [52]. A “good” 
solvent is able to dissolve the polymer in any proportion at most temperatures. Generally, 
this type of solvent is characterized by a theta temperature that is well below room 
temperature. A “poor” solvent has a limited solubility towards the polymer, and its theta 
temperature is close to room temperature. A non-solvent is a solvent that has a negligible, 
if any, ability to dissolve the polymer. As rule of thumb, a “good” solvent for a polymer 
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will have a similar total solubility parameter to that of the polymer [14], however, there 
are exceptions to this rule. The Hildebrand solubility parameter for PS is 18.5 ± 0.5 
MPa
0.5
 and for PMMA is 19.0 ± 0.5 MPa
0.5
 [90], and therefore THF, chloroform, and 
acetone are “good” solvents and acetonitrile and alcohols (2-propanol, ethanol and 
methanol) are “poor” solvents for these polymers. Dimethylformamide, with a solubility 
parameter of 24.1 MPa
0.5
, is a “poor” solvent for PS, but a “good” solvent for PMMA. 
These types of deviations from the rule reveal the limitations of the solubility parameters, 
where the contributions of the molecular interactions are not individually considered. 
These contributions will be discussed later in the text in relation to the solvent-stationary 
phase interactions, which are also applicable to the solvent-polymer interactions, that are 
not considered here. 
Table 3.2 Hildebrand solubility parameters, MPa
0.5
, calculated using equation (3.1) and values listed in 
Table 3.1 for the mixtures of solvents used as mobile phase. 
 % of solvent in THF mobile phase 
 10 20 30 40 50 60 70 80 90 100 
Solvent j Hildebrand Solubility, MPa
0.5
 
Tetrahydrofuran - - - - - - - - - 18.6 
Chloroform 18.6 18.6 18.7 18.7 18.7 18.7 18.7 18.8 18.8 18.8 
Acetone 18.7 18.7 18.9 19.0 19.1 19.2 19.3 19.4 - - 
2-Propanol 19.1 19.5 20.0 20.5 - - - - - - 
Dimethylformamide 19.2 19.7 20.3 20.8 21.4 21.9 22.5 - - - 
Ethanol 19.2 19.8 20.4 21.0 - - - - - - 
Acetonitrile 19.2 19.8 20.5 21.1 - - - - - - 
Methanol 19.7 20.8 21.9 23.0 - - - - - - 
 
Solutes eluting in the SEC mode should prefer the mobile phase over the stationary 
phase, in order to remain in the former during elution without interactions with the latter. 
If this preference is too strong, solutes will not explore the column’s pores to quite the 
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same extent, since they will avoid a very close approach to the pore walls where the 
stationary phase is solvated with an unattractive solvent.  In other words, solutes will 
spend less time inside pores filled with an undesirable solvent, which can result in 
decreased separation efficiency. Therefore, the solutes’ phase preference should be 
moderated. In this case, it is reasonable to assume that the solubility parameters of PS and 
PMMA polymers should be close to the mobile phase solubility parameter and should 
differ from that of the stationary phase, but only insignificantly. For example, the 
Hildebrand solubility parameter of a C18 stationary phase (non-polar) is approximately 
14.3 [13] (Hildebrand units converted into (J
.
cm
-3
)
0.5
, or MPa
0.5
, by a factor of 2.045) and, 
therefore, PS and PMMA solutes will prefer a mobile phase that has higher solubility 
parameter than this and which is similar to their own (e.g., THF). This preference will 
prevent non-SEC interactions with the C18 stationary phase. Also, the solubility parameter 
of a C18 stationary phase solvated with THF will not differ significantly from the 
solubility parameter of THF itself, allowing the solutes to explore the pore volume of the 
column to a larger extent. However, if the solubility parameter of the mobile phase is 
high (e.g., methanol) and differs significantly from those of the solute and the stationary 
phase, the solutes may prefer a “diluted” C18 stationary phase as a better “solvent”, and 
then non-size-exclusion interactions of a solute with the stationary phase will take place. 
Moreover, if the solubility parameter of the mobile phase is significantly different from 
those of the solutes, the mobile phase may become a non-solvent for the solutes, which 
may result in precipitation of the polymers onto the stationary phase. 
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There are specific interactions of solutes with the stationary phase and the mobile phase 
that determine a solvent’s selectivity properties and which contribute to the global 
polarity of the solutes and phases. Solvent selectivity can be categorized based on 
hydrogen bond acidity, hydrogen bond basicity, dispersion forces, and polar interactions 
(i.e., dipole-dipole, induced dipole-dipole, and induced dipole-induced dipole). Snyder’s 
solvent selectivity triangle approach is the most popular approach to solvent classification 
[14]. This method characterizes solvents by three polar interactions: hydrogen bond 
acidity, hydrogen bond basicity, and dipolarity [28]. The sum of these interaction 
contributions provides a measure of the solvent strength (polarity index, Table 3.1) and 
the ratio of the individual contributions to their sum is a measure of selectivity. This 
allows classification of solvents into eight selectivity groups [14] (Table 3.1). For 
example, group I consists of aliphatic ethers and amines; group II – of aliphatic alcohols; 
group III – of pyridine and THF; group IV – of glycols and acetic acid; group V – 
dichloromethane and dichloroethane; group VI – of aliphatic ketones, esters, 1,4-dioxane, 
and nitriles; group VII – of aromatic hydrocarbons and nitro-compounds; and group VIII 
– of phenols and water. Solvents of similar strength (polarity index) have different 
separation properties if they are in a different selectivity group. While the probes used to 
construct the solvent-selectivity triangle had “mixed” character, Kamlet-Taft 
“solvatochromic parameters” were used to separately estimate the hydrogen bond donor 
(α), hydrogen bond acceptor (β), and dipolarity/polarizability (π*) properties of solvents 
that contribute to the global solvent polarity (Table 3.1) [13]. 
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The size-exclusion process is an entropy-controlled process. A thermodynamic 
equilibrium is established between the solutes in the interstitial volume and in the pore 
volume [12]. At equilibrium, solute distribution is related to the standard free-energy 
difference,    , between the phases at constant temperature and pressure: 
               (3.2) 
and  
                    (3.3) 
where  is the solute distribution coefficient,   is the gas constant,   is the absolute 
temperature,     is the change in enthalpy of interaction and      is the change in 
conformational entropy for the solute transferred from the interstitial volume into the 
pores of the column packing. Decrease in non-SEC effects (decrease of enthalpic 
interactions  with increasing temperature may be due to increase in dominance of         
term. Both terms     (corresponding to an exothermic sorption for an attractive solute-
stationary phase interaction) and     (solute mobility becomes more limited inside the 
pores) are usually negative [12]. 
The distribution process can be described in terms of the solute distribution coefficient 
[52] 
      
       
        (3.4) 
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In ideal SEC, where there are no changes in enthalpic interactions between the solute and 
the stationary phase,        (no difference between interaction within the pores and 
interaction in the interstitial volume) and, therefore,  
      
          (3.5) 
In SEC, solute permeation is associated with a decrease in entropy (negative values of 
    ) due to a limited solute mobility within the pores of the column stationary phase, 
causing      values to be less than unity [12]. That is why solutes elute before the 
solvent peak in SEC. 
Equation (3.5) implies that      is temperature-independent, as the first order 
approximation. While the theory holds true [12], with the caveat that there will always be 
some degree of enthalpic contribution, even if only minimal, to any real-world SEC 
sepration, experimental observations demonstrate that often an increase in column 
temperature leads to a decrease in elution volume [91]. In order for the    of a solute to 
change three scenarios are possible: (i) the size of the molecules changes with 
temperature; and/or (ii) the mobile phase contracts or expands with temperature, resulting 
in a decrease or increase in the flow velocity within the column, which in turn increases 
or decreases the elution volumes of solutes [52]; and/or (iii) changes in accessible volume 
of the column (total permeation volume,   ). Scenario (i) is obvious as the size 
(hydrodynamic volume) of a solute can change with temperature [92]. Size changes as a 
function of temperature are insignificant when a solute is dissolved in a “good” solvent, 
which remains a good solvent across the temperature range examined, however [12]. 
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Scenario (ii) is also possible, but as suggested by Mori et al. [52], the magnitude of the 
solvent expansion effect is about one-half of the total observed change in elution volume. 
For scenario (iii), a possible explanation could be that changes in solvation interactions 
between the stationary phase and the solvent affect the pore volume. Another possible 
cause of temperature affecting the    of a solute could be non-SEC interactions (e.g., 
adsorption). However, such changes would no longer maintain      constant, and would 
not be related to an SEC mechanism (i.e., one or more additional to SEC mechanisms of 
separation have not been introduced). One more explanation of scenario (iii) could be 
related to bonded stationary phase rigidity and order. Sander et al. [93] proposed that a 
long alkyl chain (C18) is more rigid at low temperatures and its mobility is reduced and 
chain order is increased (i.e., the chain adopts a fully extended conformation at low 
temperatures). This would imply that at low column temperatures the elution volumes of 
solutes would be reduced, while at higher temperatures the elution volumes would be 
increased, however. 
3.3. Experimental 
3.3.1. Materials 
HPLC-grade solvents: acetonitrile (ACN) was purchased from EMD Millipore Chemicals 
(Billerica, MA, USA); unstabilized tetrahydrofuran (THF), methanol (MeOH), 2-
propanol (isopropyl alcohol, IPA), chloroform, acetone, and N, N-dimethylformamide 
(DMF) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (EtOH) 200 
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proof, manufactured by Decon Laboratories Inc., was purchased from Fisher Scientific 
(Waltham, MA, USA). Shodex polystyrene (PS) standards were purchased from Waters 
(Milford, MA, USA), and Agilent poly(methyl methacrylate) (PMMA) standards – from 
Neta Scientific, Inc. (Hainesport, NJ, USA). Molar mass dispersities of all PS standards 
were ≤ 1.07, and of all PMMA standards ≤ 1.27, molar mass values given here 
correspond to the peak-average molar mass (  ), in g/mol; both values   and molar 
mass dispersity, were determined by the manufacturers. Toluene, anhydrous, 99.8 %, was 
purchased from Sigma-Aldrich (St. Louis, MO, USA).  
3.3.2. HPLC 
The liquid chromatographic system, an Agilent Series 1100 (Agilent Technologies, Santa 
Clara, CA, USA), consisted of a degasser (G1322A), a column thermostat (G1316A), a 
quaternary pump (G1311A), able to handle a maximum backpressure of 400 bar, an 
autosampler (G1313A), and an ultraviolet-visible variable wavelength detector (UV/VIS 
VWD) (G1314A) set at 262 nm for the detection of PS, at 230 nm for the detection of 
PMMA, and at 212 nm when acetone was used in the mobile phase. One microliter (1 
µL) volumes of toluene, PS and PMMA standards were injected into the chromatographic 
systems, and eluted isocratically on the columns listed in Table 3.3. Note that the 
columns (stationary phases) mentioned in the text as phenyl and cyano are actually 
phenylpropyl and cyanopropyl, respectively. The columns were held at 30°C for the 
solvent screen study, and at variable temperatures (10°C, 20°C, 30°C, 40°C, 50°C, and 
60°C) for the temperature study. The mobile phase contained THF and other solvents 
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(ACN, MeOH, EtOH, IPA, DMF, acetone, and chloroform) in the ratios specified in the 
text, mixed using an on-line solvent mixing. Separations were carried out at a flow rate of 
0.30 mL/min. The chromatographic system was controlled and the data were acquired 
through a PC running 2010 Pro Empower 3 software, version 7.20.00.00 (Waters, 
Milford, MA, USA). 
Table 3.3 Column parameters: particle size 3 µm, pore size 300 Å, length and internal diameter (mm) 150 
x 4.6; Distributor: MAC-MOD Analytical. 
Column No. Column ID 
1 ACE 3 C18-300 
2 ACE 3 C4-300 
3 ACE 3 Phenyl-300 
4 ACE 3 CN-300 
 
3.3.3. Sample Preparation 
All PS standards were prepared in THF at a nominal concentration of 1 mg/mL, and most 
PMMA standards in THF at 3 mg/mL, except PMMA   20,310 and PMMA   46,890, 
which were prepared at 1 mg/mL concentration, by dissolving approximately 10 mg (or 
30 mg) of PS or PMMA in 10.0 mL of THF. The solutions were shaken manually and 
allowed to equilibrate overnight. Toluene solution was prepared by diluting 10 µL of 
toluene to 10.0 mL with THF. 
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3.4. Results and Discussion 
3.4.1. Solvent Effect on Column Properties 
The effects of solvent type and concentration on stationary phase characteristics relevant 
to size-exclusion (total permeation volume, interstitial volume, pore volume and 
ultimately phase ratio) are being examined on 300 Å columns from the same 
manufacturer that differed only in stationary phase chemistry (C18, C4, phenyl and cyano, 
listed in Table 3.3) using THF mobile phase and binary mixtures of THF modified with 
chloroform, acetone, 2-propanol, DMF, ethanol, acetonitrile and methanol at different 
ratios (100/0, 90/10, 80/20, 70/30, and 60/40 (v/v) THF/Solvent j). In addition, binary 
mixtures of THF with chloroform, acetone and DMF were evaluated at higher ratios: 
chloroform in the ratios of up to 100 % in the mobile phase (additionally 50/50, 40/60, 
30/70, 20/80, 10/90, and 0/100 (v/v) THF/Chloroform); DMF in the ratios of up to 70% 
in the mobile phase (additionally 50/50, 40/60, and 30/70 (v/v) THF/DMF); and acetone 
in the ratios of up to 80% in the mobile phase (additionally 50/50, 40/60, 30/70, and 
20/80 (v/v) THF/Acetone). The reasons for selection of the solvents and ratios are 
discussed in the next section.  
Shown in Figure 3.1 - Figure 3.4 are the total permeation volumes (   , or total accessible 
volumes (as measured by the elution volume of toluene), interstitial volumes (    (as 
measured by the elution volume of PS   791,000), calculated pore volumes (      
   , and phase ratios        as a function of eluent type and composition for each type of 
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stationary phase (C18, C4, phenyl and cyano, listed in Table 3.3). From these plots it is 
seen that when 100% THF is used as the mobile phase, the total permeation and 
interstitial volumes of the columns can be placed in following order, respectively:   (C4) 
≈    (phenyl) >   (cyano) >   (C18); and   (C4) ≈    (cyano) >   (phenyl) >   (C18). 
These parameters provide the following order for the pore volumes and phase ratios of 
the columns with 100% THF eluent:   (phenyl) ≈    (C4) >   (cyano) >   (C18) and    
   (phenyl) ≈       (C4) >       (cyano) ≈       (C18), respectively. Because the pore 
volumes and phase ratios on phenyl and C4 columns are similar and are the largest, it can 
be expected that partitioning of the solutes within these types of ligands will be similar, 
which will result in similar separation (resolution and separation range) of solutes, and 
the separation efficiency will be better than that on cyano and C18 columns. Similarly, 
since pore volumes of cyano and C18 columns do not differ significantly and their phase 
ratios are the same, it is expected that these columns will perform similarly when 100% 
THF is used as the eluent.  
Along with the phase ratios, the total permeation, interstitial, and pore volumes for each 
column were determined using 100% THF mobile phase and binary mixtures of THF 
with increasing concentrations of the selected solvents in the mobile phase.  
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Figure 3.1 Effect of solvent composition and concentration in the THF mobile phase on stationary phase 
total permeation volume Vt . Column types: C18 (green) C4 (purple), phenyl (blue) and cyano (red) (Table 
3.3). Instrumentation: Agilent 1100 with a variable wavelength detector set to 262 nm.  Other conditions: 
injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 30˚C (thermostatted). 
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Figure 3.2 Effect of solvent composition and concentration in the THF mobile phase on interstitial volume 
V0. Column types: C18 (green) C4 (purple), phenyl (blue) and cyano (red) (Table 3.3). Instrumentation and 
other conditions are as in Figure 3.1. 
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Figure 3.3 Effect of solvent composition and concentration in the THF mobile phase on pore volume Vi. 
Column types: C18 (green) C4 (purple), phenyl (blue) and cyano (red) (Table 3.3). Instrumentation and other 
conditions are as in Figure 3.1. 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% Methanol in the mobile phase 
ACE 3 C18-300 
ACE 3 C4-300 
ACE 3 Phenyl-300 
ACE 3 CN-300 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% Acetonitrile in the mobile phase 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% Ethanol in the mobile phase 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 50 60 70 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% DMF in the mobile phase 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% 2-propanol in the mobile phase 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 50 60 70 80 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% Acetone in the mobile phase 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
1.06 
0 10 20 30 40 50 60 70 80 90 100 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
% Chloroform in the mobile phase 
85 
 
 
 
Figure 3.4 Effect of solvent composition and concentration in the THF mobile phase on phase ratio, Vi/V0. 
Column types: C18 (green) C4 (purple), phenyl (blue) and cyano (red) (Table 3.3). Instrumentation and other 
conditions are as in Figure 3.1. 
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From Figure 3.1 and Figure 3.2 it can be seen that the total permeation and interstitial 
volumes increase on C18, C4, and phenyl columns with increasing concentrations of 
acetone, 2-propanol, ethanol, acetonitrile and methanol in THF mobile phase, but the 
degree of increase is different. In the mobile phase modified with DMF, an increase of 
DMF content also increases the total permeation volumes on C18, C4, and phenyl 
columns. However, the interstitial volumes of the C18 and C4 columns do not change 
significantly until approximately 50% of DMF is added to the mobile phase, but then 
they increase sharply. On the phenyl column, a concentration of more than 30% DMF 
causes a decrease in the interstitial volume. On the C18 column, a concentration of 
chloroform of up to 20% in the mobile phase does not change the total permeation 
volume. Concentrations above 20% slightly increase the total permeation volume, but 
when the concentration of chloroform is above 60%, a decrease in the total permeation of 
the C18 column is observed. Thus the total permeation volume in 100% THF is slightly 
larger than that in 100% chloroform. The effect of chloroform addition to the mobile 
phase on the total permeation volume of the C4 column is similar to that on the C18, but is 
less pronounced, and the total permeation volume in 100% THF is equivalent to that in 
100% chloroform. The total permeation volumes of the phenyl column increase very 
slightly with addition of chloroform to the mobile phase. The interstitial volumes of the 
C18, C4 and phenyl columns are practically unaffected by the presence of chloroform in 
the mobile phase. Interestingly that while solvent modifiers have a similar, nearly linear, 
impact on the total permeation volumes of the columns, as no sharp changes are seen in 
the plots of Figure 3.1, the interstitial volumes sharply increase when concentration of 
87 
 
 
solvent modifiers is more than 30 % (above 70% in acetone) in the mobile phase (with 
the exception of DMF and chloroform), as seen in Figure 3.2. For example, the highest 
spike in the increase of interstitial volume of the phenyl column is seen with a methanol 
concentration above 30%. Changes in the total permeation volumes with the 
concentration of a modifier solvent may indicate that bonded ligands of the stationary 
phase change their order, depending on the properties of the mobile phase. Further, the 
degree of these changes depends on the bonded ligand length. The resulting pore volumes 
practically do not change on C4 and phenyl columns when methanol (above 30% a sharp 
decrease is seen, which is due to the sharp increase in the interstitial volume), 
acetonitrile, ethanol, 2-propanol, acetone (at high concentration, more than 70%, a 
decrease is seen) and chloroform are used in the mobile phase (Figure 3.3). DMF 
produces a different effect – pore volumes linearly increase with the increase of its 
concentration in the mobile phase. Similarly, the phase ratios on C4 and phenyl columns 
decrease very slightly when acetonitrile, ethanol, 2-propanol, acetone (at high 
concentration, more than 70%, a higher decrease is seen) are used in the mobile phase 
(Figure 3.4). Chloroform concentration has no impact on the phase ratio of the phenyl 
column, but a slight increase is seen on the C4 column at high concentrations (above 
70%). Again, DMF has a reversed effect – it increases the phase ratio as its concentration 
is increased in the mobile phase.  
The differences seen in the effects that impact the total permeation volumes and the 
interstitial volumes can be ascribed to the differences in the pore diameter and the 
interstitial diameter. Pore diameters of approximately 300 Å may be affected to a higher 
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degree than will be interstitial diameters of approximately 11000 Å interstitial diameters 
(as calculated for 3 µm porous particles using equation in reference [94]). This explains 
why all interstitial volume changes produced by different mobile phase modifiers are of 
almost the same magnitude and similar in nature (Figure 3.2) for all columns studied that 
differ in bonding chemistry (C18, C4, phenyl and cyano), with the only exception of 
methanol and acetone modifiers on the phenyl column.  
On the C18 column, the pore volumes increase with increased concentration of all 
modifiers in the mobile phase (slightly decrease when methanol is above 30%, acetone is 
above 70% and chloroform is above 60%) (Figure 3.3). The resulting phase ratios are 
practically unaffected by the chloroform concentration, but increase with an increase of 
up to 30% of methanol, acetonitrile and ethanol; above 30% of 2-propanol, and up to 
70% of DMF and acetone (Figure 3.4).  Above these “critical” concentrations of solvents, 
a decrease in phase ratios is seen.  
The cyano column, the most polar stationary phase among the group of columns tested, is 
the least affected by the mobile phase composition. The total permeation volumes and 
interstitial volumes increase only very slightly with an increase of all modifiers in the 
mobile phase except DMF (very slight decrease); these values practically do not change, 
compared to less polar stationary phases (Figure 3.1 and Figure 3.2).  The resulting pore 
volume and phase ratio of the cyano column decrease only very slightly with an increase 
of modifier concentration in the mobile phase for all solvents, with the exception of 
chloroform that produces no impact (Figure 3.3 and Figure 3.4).  
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As previously discussed in Chapter 2, depending on the solvation interactions of the 
stationary phase with a solvent, bonded ligands can be in an ordered state (extended with 
ligands aligned away from the silica substrate) or disordered state (folded, with ligands 
pointing towards the silica substrate). Long C18 ligands undergo a higher degree of such 
transformations, compared to short C4, phenyl, and cyanopropyl ligands. Figure 3.5 from 
reference [95] depicts molecular models of C1 (A) and C18 (B) stationary phases that 
demonstrate high bonding density (no “gaps” between bonded ligands) of short chain 
stationary phase and lower bonding density (large space between bonded ligands) for 
long chain stationary phase.  
 
Figure 3.5 [95] Model of the silica surface modified with (A) trichloro-silane (C1); (B) octadecylsilane 
(C18) in ordered state, all-trans conformation; and (C) the same C18 in disordered state. 
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Because the conformational freedom of short ligands is minimal and has little effect on 
column pore volume [95], the higher bonding density of short ligands (e.g., C4, phenyl 
and cyano) dominates in the determination of these columns’ effective pore volume. 
Longer ligands (C18), on the other hand, have lower bonding density, but greater 
conformational freedom Figure 3.5 (B and C). Therefore, the effective pore volume of the 
C18 column is determined by both the bonding density and conformation of the C18 
ligands (chain order) [95]. 
Observations made concerning changes in the stationary phase properties are based on 
the chemistry of the ligands (and properties of silica and residual silanols) and their 
ability to interact with different types of solvents (i.e., on the solvation properties of the 
solvent-stationary phase). Solvents used as eluents adsorb onto or absorb into the 
stationary phase, forming a diffuse solvent layer on the surface. The thickness of this 
layer depends on the solvent’s ability to interact with the stationary phase surface and to 
change the conformation of organic ligands. Thus, stationary phase ligands, which have a 
distribution on the surface of silica that is heterogeneous, undergo various vibrational, 
rotational and translational fluctuations [96]. 
Figure 3.6 - Figure 3.9 are plots of the total permeation volumes, interstitial volumes, 
pore volumes, and phase ratios as a function of stationary phase for each mobile phase 
composition employed. These plots demonstrate the degree of each solvent’s impact on 
the C18, C4, phenyl and cyano stationary phase characteristics (note that plots a, b, c and d 
are the same as A, B, C and D, but include only methanol, acetonitrile, ethanol and 2-
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propanol solvents for clarity of the plot). In order to aid in the interpretation of the effect 
of each mobile phase on the stationary phase, an attempt was made to relate it to the 
strength (Hildebrand solubility) of each solvent, which was calculated using equation 
(3.1) and Hildebrand solubility parameters for each solvent listed in Table 3.2. The values 
of the eluents’ strength used in this study are tabulated in Table 3.2. Some mixtures of 
different solvents have the same elution strengths. Such mixtures are called isoeluotropic 
mixtures [13]. From Table 3.2, it can be seen that at 30% modifier concentration in the 
THF mobile phase, the differences in solvent strength become a little more pronounced.  
From Figure 3.6 (A and a), it can be seen that for the C18 stationary phase the order of the 
solvents increasing total permeation volumes follows the order of Hildebrand solubility, 
where the weakest solvent methanol produces the highest increase. This suggests that the 
preferential type of interaction between organic modifiers with the C18 ligands is 
hydrophobic effect (dispersive interactions). The exception is the order of DMF in THF 
mixtures that increase the total permeation volume to a lesser extent than 2-propanol in 
THF mixtures. The effect of mobile phase composition on the interstitial volume also 
follows the order of the Hildebrand solubility, but with the exception of DMF in THF 
mobile phase (Figure 3.6, B and b). The fact that DMF interacts more strongly with the 
stationary phase than expected (as predicted by the Hildebrand solubility) can be 
explained by strong interactions of DMF solvent with THF.  
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Figure 3.6 Effect of solvent concentration in the THF mobile phase on stationary phase characteristics 
relevant to size-exclusion: total permeation volume Vt (A, a), interstitial volume V0 (B, b), pore volume Vi 
(C, c), and phase ratio, Vi/V0 (D, d) - a, b, c and d are the same as A, B, C, D, but fewer solvents in the plot 
for clarity. Column type: C18 (Table 3.3). Instrumentation and other conditions are as in Figure 3.1. 
1.87 
1.92 
1.97 
2.02 
0 20 40 60 80 100 T
o
ta
l 
P
er
m
ea
ti
o
n
 V
o
lu
m
e 
(V
t)
, 
m
L
 
% modifier in the mobile phase 
THF:Methanol 
THF:Acetonitrile 
THF:Ethanol 
THF:DMF 
THF:2-propanol 
THF:Acetone 
THF:Chloroform 
A 
0.93 
0.94 
0.95 
0.96 
0.97 
0.98 
0 20 40 60 80 100 
In
te
rs
ti
ti
a
l 
V
o
lu
m
e 
(V
0
),
 
m
L
 
% modifier in the mobile phase 
B 
1.88 
1.90 
1.92 
1.94 
1.96 
0 10 20 30 40 
T
o
ta
l 
P
er
m
ea
ti
o
n
 
V
o
lu
m
e 
(V
t)
, 
m
L
 
% modifier in the mobile phase 
THF:Methanol 
THF:Acetonitrile 
THF:Ethanol 
THF:2-propanol 
a 
0.93 
0.94 
0.95 
0.96 
0.97 
0.98 
0 10 20 30 40 
In
te
rs
ti
ti
a
l 
V
o
lu
m
e 
(V
0
),
 m
L
 
% modifier in the mobile phase 
b 
0.94 
0.96 
0.98 
1.00 
1.02 
1.04 
0 20 40 60 80 100 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
%modifier in the mobile phase 
C 
1.00 
1.01 
1.02 
1.03 
1.04 
1.05 
1.06 
1.07 
1.08 
0 20 40 60 80 100 
P
h
a
se
 R
a
ti
o
 (
V
i/
V
0
) 
%modifier in the mobile phase 
D 
0.95 
0.96 
0.97 
0.98 
0.99 
1.00 
0 10 20 30 40 
P
o
re
 V
o
lu
m
e 
(V
i)
, 
m
L
 
%modifier in the mobile phase 
c 
1.00 
1.01 
1.02 
1.03 
1.04 
0 10 20 30 40 
P
h
a
se
 R
a
ti
o
 (
V
i/
V
0
) 
%modifier in the mobile phase 
d 
93 
 
 
Both solvents, THF and DMF, belong to Snyder’s selectivity group III, and have almost 
the same Kamlet-Taft solvatochromic parameters α, β and π* (Table 3.1) and, therefore, 
have a great affinity for each other. The C18 stationary phase, preferentially solvated with 
THF molecules, thereby interacts more strongly with DMF. 
The resulting solvent effect (at 30% modifier in the THF mobile phase) on the pore 
volume of C18 stationary phase is the following: methanol ≈ acetonitrile > ethanol ≈ DMF 
> 2-propanol > acetone > THF (100%) ≈ chloroform (Figure 3.6, C and c), which again, 
can be said to follow the order of the Hildebrand solubility. Thus, mobile phases 
containing the following modifiers (at 30%) in the THF mobile phase, produce a higher 
phase ratio, compared to that with 100% THF: methanol, acetonitrile, ethanol, DMF and 
2-propanol. Acetone as the modifier (at 30%) produces a similar phase ratio, and 
chloroform – a smaller phase ratio, compared to 100% THF mobile phase (Figure 3.6, D 
and d). At higher concentrations (40%), weak solvents such as methanol, acetonitrile, 
ethanol, decrease the C18 column’s phase ratio in the order of its Hildebrand solubility.  
To summarize, weak solvents for polymers (methanol, acetonitrile, ethanol, 2-propanol) 
can be used as THF mobile phase modifiers at up to 30% concentration, and DMF at up 
to 70%, to increase pore volume and phase ratio of a C18 column (Figure 3.6, c and d). 
C18 stationary phase is hydrophobic and its solubility parameter differs significantly from 
that of the weak solvents, and therefore such solvents cannot penetrate deeply into the 
stationary phase. C18 flexible chains change their conformation to a more dense 
orientation (folded, with ligands pointing towards the silica substrate) (Figure 3.5, C) in 
weak solvents (methanol, acetonitrile, ethanol, DMF and 2-propanol) because pore 
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volumes are increased, compared to that in strong solvents (THF, chloroform) where the 
chains are most probably in a more ordered state (extended with ligands aligned away 
from the silica substrate) (Figure 3.5, B).  
In contrast to the above results obtained for a C18 stationary phase, the effect of the same 
solvents on the short C4 stationary phase appears to be of a different nature, than that on 
the C18. Because short ligands, such as C4, have less conformational freedom than their 
longer counterparts [95], the impact of the mobile phase composition on the order of the 
ligands is no longer as pronounced as on the order of C18 ligands. Furthermore, a C4 
stationary phase is less hydrophobic and therefore, some solvents that were “weak” for 
the C18 stationary phase may be more favored by the C4 stationary phase, resulting in 
stronger interactions with such solvents. Weak solvents for the C4 stationary phase at 
40% of the modifier concentration are acetonitrile, DMF and acetone. Figure 3.7 (A and 
a) demonstrates that the Hildebrand solubility order for solvents is no longer followed for 
the increase in the total permeation volumes. Alcohols (methanol, ethanol and 2-
propanol) do not change the total permeation volume significantly. This can be explained 
by the presence of accessible residual silanols in the stationary phase and their strong 
interactions with the alcohols that are strong hydrogen bond donors and acceptors (Table 
3.1). Gritti et al. [97] emphasized that even with end-capped alkyl-silica adsorbents, the 
effects of residual silanols are impossible to avoid. While long C18 ligands can shield 
silanols, shorter C4 ligands will likely have more exposed silanols for interactions [79, 
98].  
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Figure 3.7 Effect of solvent concentration in the THF mobile phase on stationary phase characteristics 
relevant to size-exclusion: total permeation volume Vt (A, a), interstitial volume V0 (B, b), pore volume Vi 
(C, c), and phase ratio, Vi/V0 (D, d) - a, b, c and d are the same as A, B, C, D, but fewer solvents in the plot 
for clarity. Column type: C4 (Table 3.3). Instrumentation and other conditions are as in Figure 3.1. 
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Alcohols can interact strongly with silanols via hydrogen bonds, but acetonitrile cannot 
create strong hydrogen bonds with the hydroxyl group of silanols [99] due to its low 
hydrogen-bond donor ability. However, acetonitrile is a polar aprotic solvent, capable of 
accepting hydrogen bonds, and the methyl group is capable of hydrophobic interactions. 
Interaction of acetonitrile with silanol groups would only take place in low pH 
environment, where silanol groups are protonated. Because THF and acetonitrile solvent 
environment is not acidic, silanol groups are deprotonated, and therefore interactions of 
acetonitrile with silanols can only be the result of its large polar and polarization effects. 
Morales et al. [100] demonstrated via molecular dynamics simulations that acetonitrile 
molecules form a bilayer structure on the hydroxylated silica surface with two antiparallel 
oriented sublayers. Acetonitrile molecules in the closest to the surface sublayer are 
ordered with the nitrogen end pointing towards the silica surface, while molecules in the 
second sublayer orient preferentially in the opposite direction. Moreover, charge density 
profile analysis by Cheng et al. [101] showed that such a long-range layering effect is 
mainly caused by the charge distribution on the silica surface and is not sensitive to the 
presence of specific hydrogen-bond interactions. This is supported by the preceding 
conclusions by Morales et al. [101], that the orientation preference of the acetonitrile 
molecules near the silica surface does not depend on hydrogen bonding but is a direct 
result of electrostatic interactions with the silica surface. Furthermore, acetonitrile 
molecules in the sublayer nearest to the silica surface are not rigidly bound to the specific 
sites on the wall, and the formation of the second sublayer is the result of the electrostatic 
field as well.  
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Alcohols can interact with both adsorption centers: non-polar organic ligands and polar 
silanols. Therefore only minimal increases in total permeation volumes are observed with 
the increase of alcohol concentration. Also the effect of methanol, ethanol and 2-propanol 
on the total permeation volume are very similar (Figure 3.7, a). Kazakevich et al. [102] 
determined that THF and acetonitrile form an adsorbed layer of significant thickness, 
where molecular layers are stacked on the top of each other. Methanol, on the other hand, 
forms only a monomolecular layer. Thus solvent contributions become more complicated 
as the stationary phase becomes less hydrophobic and attached ligands become shorter. 
The solvent effect on the interstitial volume of the C4 column is of the same magnitude as 
for the C18 column, and also follows the same order of the Hildebrand solubility, but with 
the exception of DMF and 2-propanol (Figure 3.7, B and b). The resulting solvent effect 
(at 30% modifier in the THF mobile phase) on the pore volume of C4 stationary phase is 
the following: DMF > acetone > 2-propanol ≈ acetonitrile ≈ THF (100%) ≈ chloroform 
≈ ethanol > methanol (Figure 3.7, C and c). This solvent effect is different from that for 
the C18 stationary phase, and it no longer follows the order of the Hildebrand solubility.  
Thus, the only solvent that produces a higher phase ratio than 100% THF is DMF. THF 
mobile phases containing acetone and chloroform (at 30%) in the THF mobile phase, 
produce a similar phase ratio, but ethanol, 2-propanol, acetonitrile and methanol reduce 
the phase ratio, compared to 100% THF mobile phase (Figure 3.7, D and d).  
Next, we consider a phenyl stationary phase, which is less hydrophobic than a C4 
stationary phase [103]. The former favors specific interactions with aromatic compounds 
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that provides additional selectivity due to π-π interactions [104]. Figure 3.8 (A and a) 
demonstrates that with 40% modifier in the mobile phase, the highest increase in the total 
permeation volume is caused by methanol, followed by acetonitrile, ethanol, 2-propanol, 
and DMF, which produce similar total permeation volumes, and by chloroform and 
acetone. The lowest total permeation volume is produced by 100% THF. While the effect 
of the solvent type and concentration on the increase in the interstitial volumes of the 
phenyl column follows the same order as for C18 and C4 columns, the impact of methanol 
is much larger with the phenyl stationary phase (Figure 3.8, B and b). This is possibly an 
indication of stationary phase order change in methanol. Phenyl ligands are larger than C4 
ligands, but smaller than C18. Thus, while it is expected that the pore volumes of the 
phenyl column should be affected by the stationary phase order to a smaller degree than 
the C18 column, the phenyl column should experience larger changes in the pore volumes 
than the C4 column (because the order of phenyl ligands contributes to pore volume). 
This is confirmed from Figure 3.1 where the total permeation volume of the phenyl 
column becomes larger than that of the C4 column, and even interstitial volume of the 
phenyl column becomes larger than that of the C4 column (Figure 3.2).  
The resulting solvent effect (at 30% of modifier in the THF mobile phase) on the pore 
volume of phenyl stationary phase is the following: DMF > chloroform ≈ acetonitrile ≈ 
ethanol ≈ 2-propanol ≈ THF (100%) ≈ methanol ≈ acetone (Figure 3.8, C and c).  
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Figure 3.8 Effect of solvent concentration in the THF mobile phase on stationary phase characteristics 
relevant to size-exclusion: total permeation volume Vt (A, a), interstitial volume V0 (B, b), pore volume Vi 
(C, c), and phase ratio, Vi/V0 (D, d) - a, b, c and d are the same as A, B, C, D, but fewer solvents in the plot 
for clarity. Column type: Phenyl (Table 3.3). Instrumentation and other conditions are as in Figure 3.1. 
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This solvent effect is different from that for the C18 stationary phase. Thus, the only 
modifier that produces a higher phase ratio than 100% THF is DMF, but the impact 
predicted is very small, so the benefits may not be realized. THF mobile phases 
containing methanol produce the smallest phase ratio (Figure 3.8, D and d).  
From Figure 3.9 (A), the medium polarity cyano stationary phase appears to favor 
interactions with polar DMF solvent/modifier the most (polarity index 6.4 - Table 3.1) as 
it produces the lowest total permeation volumes. The selectivity of the cyano column is 
dominated by polar and hydrogen bond basicity interactions [77]. While THF and 
chloroform (polarity indexes 4.0 and 4.1, respectively) interactions are still strong with 
the cyano stationary phase, such solvents as acetonitrile, acetone, ethanol and 2-propanol 
appear to follow the order of polarity index of 5.8, 5.1, 4.3, 3.9, respectively, for the 
strength of interactions. The exception is methanol (polarity index 5.1), which produces 
the largest total permeation volume at 40% concentration of the modifier in the THF 
mobile phase (Figure 3.9, A and a). This suggests that in addition to non-specific 
dispersive interactions (based on solubility parameters) and specific hydrogen bond and 
π-π interactions, the cyano stationary phase is also subject to polar interactions. 
Interestingly, the interstitial volumes on the cyano column are affected by the types and 
concentrations of solvents in the same manner as the C4 column, with the exception of 
acetonitrile that has almost no effect (Figure 3.9, B and b).  
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Figure 3.9 Effect of solvent concentration in the THF mobile phase on stationary phase characteristics 
relevant to size-exclusion: total permeation volume Vt (A, a), interstitial volume V0 (B, b), pore volume Vi 
(C, c), and phase ratio, Vi/V0 (D, d) - a, b, c and d are the same as A, B, C, D, but fewer solvents in the plot 
for clarity. Column type: Cyano (Table 3.3). Instrumentation and other conditions are as in Figure 3.1. 
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The resulting solvent effect (at 30% of modifier in the THF mobile phase) on the pore 
volume of cyano stationary phase is the following: methanol > THF (100%) ≈ 2-
propanol ≈ ethanol ≈ acetonitrile ≈ acetone > chloroform > DMF (Figure 3.9, C and c). 
This solvent effect is different from that for the C18 stationary phase. Thus, the resulting 
phase ratios are reduced by all modifiers of the mobile phase so that the highest phase 
ratio is obtained in 100% THF (Figure 3.9, D and d).  
3.4.2. Solvent Modifier Effect on Elution of PS and PMMA Polymers 
The elution of toluene and polymer calibrants (PS (g/mol):    580; 2,780; 7,350; 
19,500; 51,200; 126,000; 282,000; and 791,000; and PMMA (g/mol):   550; 3,070; 
7,360; 20,310; and 46,890) was evaluated on four columns from the same manufacturer 
that differed only in stationary phase chemistry using a THF-only mobile phase and 
binary mixtures of THF and either chloroform, acetone, 2-propanol, DMF, ethanol, 
acetonitrile or methanol at different ratios (100/0, 90/10, 80/20, 70/30, and 60/40 (v/v) 
THF/Solvent). In addition, binary mixtures of THF and chloroform, acetone or DMF 
were evaluated at higher ratios: chloroform in concentrations up to 100 % in the mobile 
phase (additionally 50/50, 40/60, 30/70, 20/80, 10/90, and 0/100 (v/v) THF/Chloroform); 
DMF in concentrations up to 70% in the mobile phase (additionally 50/50, 40/60, and 
30/70 (v/v) THF/DMF); and acetone in concentrations up to 80% in the mobile phase 
(additionally 50/50, 40/60, 30/70, and 20/80 (v/v) THF/Acetone). Based on the calculated 
total Hildebrand solubility parameters listed in Table 3.2, these binary mixtures of 
solvents are expected to be good solvents for the polymers under study, and therefore 
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they would prevent adsorption of these polymers onto the stationary phase as the solutes 
prefer the “good” solvent environment of the mobile phase. A critical concentration for 
acetone was observed at 80%, above which high molecular mass PS solutes 
precipitated/”disappeared” from the chromatogram (e.g.,   1,640,000 and 791,000 at 
10/90 (v/v) THF/Acetone;   1,640,000; 791,000; 282,000; and 126,000 at 0/100 (v/v) 
THF/Acetone on cyano column). Although acetone has a high UV cutoff (330 nm), a 
usable relative minimum in molar absorptivity occurs at 212 nm, and thus the UV 
detector wavelength was set accordingly for the scouting with acetone mobile phases. 
This wavelength caused peaks’ absorbencies to be high, however, the peaks were on-
scale and therefore suitable for this qualitative assessment of elution volumes. DMF was 
only investigated at up to 70% in the mobile phase due to high UV cutoff (268 nm) which 
caused significant decrease in the sensitivity of the analysis. Because of the absorption 
properties of chloroform and DMF solvents (high UV cutoff of 245 nm and 268 nm, 
respectively), PMMA solutes (with significant molar absorptivities only below 235 nm) 
could not be detected when these solvents were present in the mobile phase. Therefore, 
these solvents were used only to elute PS solutes. 
As observed in section 3.4.1., modification of THF mobile phase with 30% of other 
solvents can provide enhanced phase ratios, and therefore resolution, compared to 100% 
THF mobile phase. Therefore, chromatograms of PS standards using 100% THF mobile 
phase are compared to those using THF mobile phases modified with 30 % chloroform, 
acetone, 2-propanol, DMF, ethanol, acetonitrile, or methanol (properties of the mixed 
mobile phases are listed in Table 3.2) on columns of the same length, internal diameter, 
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particle size and pore size, but different chemistry of bonded ligands (C18, C4, phenyl, and 
cyano, listed in Table 3.3) (Figure 3.10 - Figure 3.13). To aid the comparison, the PS 
separation range obtained from these chromatograms (as judged by the elution volumes 
of the first, PS   791,000, and the last, PS   580, peaks in Figure 3.10 - Figure 3.13) 
versus mobile phase composition for each column was plotted in Figure 3.14. This plot 
demonstrates that the separation ranges on the C4 and phenyl columns are very similar, 
and significantly larger than those on the cyano and C18 columns. It also demonstrates 
that the separation range generally increases with the decrease in solvent’s strength 
(increase in the Hildebrand solubility parameter - Table 3.1) on the hydrophobic C18 
stationary phase. The plot shows that the largest separation range on the C18 column is 
obtained when 70/30 (v/v) THF/ACN is used. Chromatograms in Figure 3.10 confirm 
this, and also show that 70/30 (v/v) THF/MeOH mobile phase provides similar separation 
of the PS solutes. Predicted by the separation range plot, the best performance for the 
cyano column is with 100% THF, 70/30 (v/v) THF/IPA, and 70/30 (v/v) THF/EtOH 
mobile phases, but it is also very similar with 70/30 (v/v) THF/ACN as confirmed by 
Figure 3.13. Importantly, the largest separation range does not always mean the best 
separation of all peaks. For example, the plot in Figure 3.14 shows the largest separation 
range on the C4 column with 70/30 (v/v) THF/ACN mobile phase; however, the 
chromatogram in Figure 3.11 shows increased resolution for the larger molar mass 
polymers (282,000; and 126,000 g/mol – the second and the third peaks), but decreased 
resolution for the smaller molar mass polymers (7,350; 2,870; and 580 g/mol – the last 
three peaks).  
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Figure 3.10 Comparison of chromatogram for PS calibrants on the C18 column from Table 3.3 using 
unstabilized THF and 70/30 (v/v) THF/solvent j (listed in Table 3.1 and Table 3.2) as the mobile phase. 
Molar masses of PS standards (g/mol): 791,000; 282,000; 126,000; 51,200; 19,500; 7,350; 2,870; and 580. 
Instrumentation and other conditions are as in Figure 3.1. 
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Figure 3.11 Comparison of chromatograms for PS calibrants on the C4 column from Table 3.3 using 
unstabilized THF and 70/30 (v/v) THF/solvent j (listed in Table 3.1 and Table 3.2) as the mobile phase. 
Molar masses of PS standards (g/mol): 791,000; 282,000; 126,000; 51,200; 19,500; 7,350; 2,870; and 580. 
Instrumentation and other conditions are as in Figure 3.1. 
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Figure 3.12 Comparison of chromatograms for PS calibrants on the phenyl column from Table 3.3 using 
unstabilized THF and 70/30 (v/v) THF/solvent j (listed in Table 3.1 and Table 3.2) as the mobile phase. 
Molar masses of PS standards (g/mol): 791,000; 282,000; 126,000; 51,200; 19,500; 7,350; 2,870; and 580. 
Instrumentation and other conditions are as in Figure 3.1. 
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Figure 3.13 Comparison of chromatograms for PS calibrants on the cyano column from Table 3.3 using 
unstabilized THF and 70/30 (v/v) THF/solvent j (listed in Table 3.1 and Table 3.2) as the mobile phase. 
Molar masses of PS standards (g/mol): 791,000; 282,000; 126,000; 51,200; 19,500; 7,350; 2,870; and 580. 
Instrumentation and other conditions are as in Figure 3.1. 
AU
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
THF mobile phase
AU
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
70/30 THF/Chloroform 
mobile phase
AU
0.0
0.5
1.0
1.5
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
70/30 THF/Acetone 
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
AU
70/30 THF/2-propanol 
mobile phase
AU
0.00
0.01
0.02
0.03
0.04
0.05
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
70/30 THF/DMF 
mobile phase
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
AU
70/30 THF/Ethanol 
mobile phase
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
AU
70/30 THF/Acetonitrile 
mobile phase
0.00
0.02
0.04
0.06
Minutes
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
AU
70/30 THF/Methanol 
mobile phase
109 
 
 
 
Similarly, the plot in Figure 3.14 shows that the best separation range for the phenyl 
column is with 70/30 (v/v) THF/ACN mobile phase, but the chromatogram in Figure 3.12 
shows improved resolution of larger molar mass polymers (791,000; 282,000; and 
126,000 g/mol – the first three peaks) and decreased resolution of the small molar mass 
polymers (7,350; 2,870; and 580 g/mol – the last three peaks). While separation ranges in 
70/30 (v/v) THF/IPA, 70/30 (v/v) THF/EtOH, 70/30 (v/v) THF/ACN and 70/30 (v/v) 
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Figure 3.14 Separation range (mL) - range between elution volumes of PS first (Mp 791,000) and last (Mp 
580) peaks in Figure 3.10 - Figure 3.13. 
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THF/MeOH are similar to each other (Figure 3.14), elution volumes and resolution of 
peaks in the corresponding chromatograms differ significantly depending on mobile 
phase additive (Figure 3.12).  
The elution of PS solutes on C4 and phenyl columns suggests that in several solvents the 
pores are too large and cause smaller solutes to co-elute at the total permeation volume. 
However, as discussed in section 3.4.1., and demonstrated in Figure 3.1, 2-propanol, 
ethanol, methanol and acetonitrile solvents do not change the total pore volume of the C4 
and phenyl columns significantly, compared to 100% THF. Therefore, the elution 
behavior of PS polymers observed with the mixtures of “good” and “poor” PS solvents 
(THF/IPA, THF/EtOH, THF/ACN and THF/MeOH) used as the mobile phase is caused 
by the shrinking of the PS polymer coils. Furthermore, chloroform, and acetone are 
“good” solvents for PS polymers, and therefore, the change of coil size in the presence of 
these solvents is not expected to be significant, compared to that in 100% THF. 
To compare the elution behavior of non-polar PS and medium polarity PMMA polymers, 
the elution volumes of similar molar mass PS (   19,500) and PMMA (   20,310) 
polymers was plotted versus mobile phase composition using THF mobile phases 
modified with different solvents in the ratios of 100/0 to 60/40 (v/v) THF/solvent j 
(where solvent j was either methanol, acetonitrile, ethanol, or 2-propanol) and the C18, C4, 
phenyl, and cyano columns (Table 3.3). Polynomials of second order were fitted to the 
experimental data points. Additionally, PS solutes were eluted with binary mixtures of 
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THF and acetone, the latter in concentrations of up to 80% when used in combination 
with the C18, C4 and phenyl columns (sorption interactions of PS solutes with the 
stationary phase were observed above 80% acetone). PMMA solutes were eluted with 
THF/acetone mobile phases in ratios that varied from 100/0 to 0/100 (v/v). Both PS and 
PMMA solutes eluted on the cyano column with THF mobile phase that contained 
acetone at concentrations from 0% to 100%. Additionally, PS solutes were eluted on all 
columns using THF mobile phase modified with DMF (concentrations varied from 0% to 
70%) and with chloroform (concentrations that varied from 0% to 100%). As mentioned 
earlier, the UV cutoffs of DMF and chloroform are too high for the detection of PMMA 
polymers, and therefore, only PS polymers were analyzed using these solvents. Figure 
3.15 demonstrates that the elution volumes of PS solutes depend significantly on the 
nature and concentration of the solvent used as a modifier in the mobile phase and on the 
stationary phase chemistry, but the elution volumes of PPMA solutes are only 
insignificantly affected. Thus, when methanol is used as a mobile phase modifier, the 
elution volumes of PS molecules on C18, C4 and phenyl columns increase sharply with 
increasing concentrations of methanol. The elution volumes of PS on the cyano column 
increase as well, but insignificantly. Elution volumes of PMMA molecules, on the other 
hand, increase insignificantly on all columns (to a similar degree on C18, C4, and cyano, 
and to a slightly higher degree on phenyl column). In acetonitrile modifier, the elution 
volumes of PS solutes increase on all columns – significantly on the C18 and C4 columns, 
to a lesser extent on the phenyl column, and very slightly on the cyano column.  
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Figure 3.15 Elution of similar molar mass polymers (PS 19,500 and PMMA 20,310) on columns of 
different chemisty (C18, C4, phenyl and cyano, listed in Table 3.3) using THF mobile phases modified with 
different solvents in the ratios of 100/0 to 0/100 (v/v) THF/solvent j (solvents are listed in Table 3.1). 
Instrumentation: Agilent 1100 with a variable wavelength detector set to 262 nm for PS and to 230 nm for 
PMMA.  Other conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 
30˚C (thermostatted). 
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Again, the elution of PMMA molecules increases only slightly and to a similar degree on 
C18, C4 and phenyl columns, but decrease slightly on the cyano column. Changes in the 
elution volumes of PS polymers in ethanol- and 2-propanol- modified THF are very 
similar: a sharp increase in the elution volumes on the phenyl column, but only slight 
increases on C18, C4, and cyano. Small increases in elution of PMMA solutes on all 
columns are very similar in magnitude. With respect to acetone, its addition into THF 
promotes an increase in the elution volumes of both PS and PMMA. The magnitude of 
change on C18, C4, and phenyl column is similar for the PS solutes and is significant, but 
it is much less pronounced on the cyano column. For the PMMA solutes, the elution 
volumes increased insignificantly on the C18, C4, and cyano columns, whereas a slightly 
larger increase is seen on the phenyl column. While DMF modifier has no effect on the 
elution volumes of PS polymers on the cyano column and only results in a slight increase 
on the phenyl column, it affects the elution volume on C18 and C4 columns more 
significantly and to a similar degree on both columns. Chloroform, on the other hand, has 
no noticeable effect on the elution of PS polymers on any of the columns.  
These changes in elution volumes are the result of a triple effect: (i) a change of the 
polymeric coil size, and possible shape, depending on the type and concentration of the 
solvent used; (ii) changes in the stationary phase chain order and resulting pore volume of 
the column due to preferential solvation; and (iii) changes in the stationary phase 
properties towards the solutes due to preferential solvation (the solvated stationary may 
become a “good” or a “poor” solvent for the solutes, depending on the concentration and 
identity of the solvent modifier being employed). Therefore, to better understand the 
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elution of PS and PMMA on RP columns while employing mixed mobile phases, not 
only must one consider the properties of the solvent, alone, but also the ternary solvent-
solute-stationary phase relationship and how this relationship is mediated by the role and 
concentration of a particular solvent modifier. For example, the benefits of PS polymer 
coil size reduction and the slight increase in the total pore volume of the cyano column in 
60/40 (v/v) THF/methanol mobile phase (Figure 3.1) cannot be fully realized as seen 
from the elution of the PS molecules in Figure 3.15 and their separation range in Figure 
3.14. This is because a medium polarity stationary phase such as is cyano, preferentially 
solvated by a “poor” solvent, itself becomes a “poor” solvent for the non-polar PS 
polymers that consequently tend to explore less pore volume of the stationary phase and 
to elute sooner when the mobile phase is a better solvent. Therefore, a solvent chosen as 
the mobile phase modifier should moderate the preferential solvation of the stationary 
phase to minimize the difference between the stationary phase environment and that in 
the bulk mobile phase. This minimization will decrease the solute’s phase preference and 
allow the solute to explore of the column’s pore volume by close approach of the pore 
walls of the solvated stationary phase.   
The main observation that can be made from Figure 3.15 is that elution of PS and PMMA 
polymers of the same molar mass can be achieved by manipulation of solvent type and 
concentration. For example, PS and PMMA solutes will elute at the same time as each 
other on the C18 column when approximately 16% acetonitrile/84% THF is used as the 
mobile phase; on the C4 column with approximately 17% methanol/83% THF; on the 
phenyl column with approximately 30% ethanol/70% THF; on the cyano column with 
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approximately 100% acetone; etc. Elution of the same molar mass PS and PMMA solutes 
with the same elution volumes on the cyano column with ethanol and 2-propanol 
modified THF appears to be impossible, however. Similarly, if separation of the same 
molar mass PS and PMMA polymers in a sample mixture is required, it can be achieved 
using 60/40 THF/acetonitrile mobile phase on a C18, C4, or phenyl column. Although the 
separation can be achieved on these columns with other mobile phases, acetonitrile 
provides the largest separation range for PS and PMMA analytes at 40% concentration. 
This assertion is consistent with the observations made by Brun et al. [105]. 
3.4.3. Temperature Effect on Partition Coefficients of PS and PMMA Polymers 
To investigate the effect of column temperature on the partition coefficients of PS and 
PMMA polymers,     , the elution volumes of toluene (used to measure the total 
permeation volume) and polymer calibrants (PS (g/mol):  580; 2,780; 7,350; 19,500; 
51,200; 126,000; 282,000; 791,000 (used to measure total exclusion volume) and 
1,640,00 (used to construct calibration plots as in Figure 3.16); and PMMA (g/mol): 550; 
3,070; 7,360; 20,310; and 46,890) on C18, C4, phenyl and cyano columns (listed in Table 
3.3) were determined using 100% THF mobile phase and binary mixtures of THF 
modified with chloroform, 2-propanol, DMF, ethanol, acetonitrile and methanol in the 
ratios of 70/30 (v/v) THF/Solvent j at column temperatures set to 10 ºC, 20 ºC, 30 ºC, 40 
ºC, 50 ºC, and 60 ºC (the 50 ºC temperature range). DMF and chloroform mobile phases 
were not used with PMMA solutes due to their high UV cutoff that prevents detection of 
PMMA at lower wavelengths. The distribution coefficient,       was calculated using 
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equation (2.1). Because enthalpic interactions decrease with increasing temperature,      
determined at column temperature set to 60 ºC was used as the reference to calculate 
        (the percent change in      between each temperature and the reference 
temperature) for      determined at column temperatures set to 50 ºC, 40 ºC, 30 ºC, 20 
ºC and 10 ºC. The values of      and        are tabulated in Table 3.4 – Table 3.11 
for PS and PMMA standards on each column in each mobile phase.  
While there are no strict rules for an assessment of partition coefficients dependency on 
column temperature, here it will be regarded as if        is below 10% (and certainly 
below 5%), than solutes elute by a near-ideal SEC mechanism that is described by 
equation (3.5), which is virtually devoid of enthalpic interactions; and if        is 10% 
or greater, then the elution is by a non-ideal SEC that can be described by equation  (3.4), 
where     contributes to the separation of solutes. 
From Table 3.4, calculated        indicate that elution of PS standards on the C18 
column is by a near-ideal SEC mechanism, where enthalpic contributions are practically 
absent, in all mobile phases under the study within the range of 10-60 ºC. The exception 
is elution of high molar mass PS solute (282,000) where within the 20-60 ºC range its 
elution is by a near-ideal SEC mechanism, but at 10 ºC, enthalpic contributions are seen 
in 70/30 (v/v) THF/DMF mobile phase (        is 11% at 10 ºC).  
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Table 3.4 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
PS standards (Mp 282,000; 126,000; 51,200; 19,500; 7,350; 2,780, 580) on a C18 column (listed in Table 
3.3) with a variety of 70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 3.2). 
Instrumentation: Agilent 1100 with a variable wavelength detector set to 262 nm.  Other conditions: 
injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature varied from 10 ºC to 60 ºC. 
   Temperature  
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase PS Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
C
1
8
 
7
0
/3
0
 (
v
/v
) 
T
H
F
/m
et
h
an
o
l 
282000 0.057 -1.7 0.058 0.0 0.058 0.0 0.058 0.0 0.058 0.0 0.058 
126000 0.166 0.6 0.167 1.2 0.166 0.6 0.167 1.2 0.166 0.6 0.165 
51200 0.368 0.3 0.369 0.5 0.368 0.3 0.368 0.3 0.367 0.0 0.367 
19500 0.577 0.0 0.578 0.2 0.577 0.0 0.578 0.2 0.577 0.0 0.577 
7350 0.740 -0.1 0.741 0.0 0.741 0.0 0.742 0.1 0.741 0.0 0.741 
2780 0.840 -0.2 0.842 0.0 0.841 -0.1 0.842 0.0 0.842 0.0 0.842 
580 0.934 0.1 0.935 0.0 0.934 0.1 0.935 0.0 0.934 0.1 0.935 
7
0
/3
0
 (
v
/v
) 
T
H
F
/a
ce
to
n
it
ri
le
 282000 0.056 1.8 0.056 1.8 0.056 1.8 0.055 0.0 0.055 0.0 0.055 
126000 0.165 3.1 0.164 2.5 0.163 1.9 0.162 1.3 0.161 0.6 0.160 
51200 0.374 2.5 0.373 2.2 0.371 1.6 0.369 1.1 0.367 0.5 0.365 
19500 0.593 1.7 0.592 1.5 0.589 1.0 0.588 0.9 0.585 0.3 0.583 
7350 0.760 1.1 0.760 1.1 0.757 0.7 0.756 0.5 0.754 0.3 0.752 
2780 0.861 0.7 0.860 0.6 0.857 0.2 0.858 0.4 0.856 0.1 0.855 
580 0.953 0.8 0.952 0.7 0.948 0.3 0.948 0.3 0.946 0.1 0.945 
7
0
/3
0
 (
v
/v
) 
T
H
F
/e
th
an
o
l 
282000 0.049 -5.8 0.050 -3.8 0.050 -3.8 0.051 -1.9 0.051 -1.9 0.052 
126000 0.148 -1.3 0.149 -0.7 0.149 -0.7 0.150 0.0 0.150 0.0 0.150 
51200 0.338 -0.9 0.339 -0.6 0.339 -0.6 0.340 -0.3 0.341 0.0 0.341 
19500 0.544 -1.1 0.546 -0.7 0.547 -0.5 0.548 -0.4 0.549 -0.2 0.550 
7350 0.711 -1.0 0.713 -0.7 0.714 -0.6 0.715 -0.4 0.717 -0.1 0.718 
2780 0.816 -1.0 0.819 -0.6 0.820 -0.5 0.820 -0.5 0.823 -0.1 0.824 
580 0.921 -0.6 0.924 -0.3 0.924 -0.3 0.924 -0.3 0.927 0.0 0.927 
7
0
/3
0
 (
v
/v
) 
T
H
F
/D
M
F
 
282000 0.040 -11.1 0.042 -6.7 0.044 -2.2 0.044 -2.2 0.045 0.0 0.045 
126000 0.132 -2.2 0.133 -1.5 0.135 0.0 0.135 0.0 0.135 0.0 0.135 
51200 0.319 -0.9 0.321 -0.3 0.322 0.0 0.322 0.0 0.322 0.0 0.322 
19500 0.536 -0.6 0.538 -0.2 0.539 0.0 0.539 0.0 0.538 -0.2 0.539 
7350 0.713 -0.6 0.716 -0.1 0.716 -0.1 0.717 0.0 0.716 -0.1 0.717 
2780 0.824 -0.5 0.827 -0.1 0.826 -0.2 0.828 0.0 0.827 -0.1 0.828 
580 0.921 -0.8 0.925 -0.3 0.924 -0.4 0.927 -0.1 0.926 -0.2 0.928 
7
0
/3
0
 (
v
/v
) 
T
H
F
/2
-p
ro
p
an
o
l 282000 0.053 -5.4 0.054 -3.6 0.054 -3.6 0.055 -1.8 0.055 -1.8 0.056 
126000 0.158 0.0 0.158 0.0 0.158 0.0 0.158 0.0 0.159 0.6 0.158 
51200 0.351 -0.3 0.352 0.0 0.352 0.0 0.353 0.3 0.353 0.3 0.352 
19500 0.556 -0.5 0.557 -0.4 0.558 -0.2 0.559 0.0 0.560 0.2 0.559 
7350 0.718 -0.8 0.721 -0.4 0.722 -0.3 0.724 0.0 0.724 0.0 0.724 
2780 0.822 -0.7 0.825 -0.4 0.827 -0.1 0.828 0.0 0.828 0.0 0.828 
580 0.927 -0.2 0.929 0.0 0.929 0.0 0.930 0.1 0.931 0.2 0.929 
7
0
/3
0
 (
v
/v
) 
T
H
F
/c
h
lo
ro
fo
rm
 282000 0.040 -4.8 0.041 -2.4 0.041 -2.4 0.042 0.0 0.042 0.0 0.042 
126000 0.129 -1.5 0.130 -0.8 0.130 -0.8 0.131 0.0 0.131 0.0 0.131 
51200 0.310 -1.0 0.311 -0.6 0.312 -0.3 0.312 -0.3 0.313 0.0 0.313 
19500 0.520 -1.1 0.522 -0.8 0.523 -0.6 0.524 -0.4 0.525 -0.2 0.526 
7350 0.694 -1.0 0.696 -0.7 0.698 -0.4 0.699 -0.3 0.701 0.0 0.701 
2780 0.806 -0.9 0.808 -0.6 0.810 -0.4 0.811 -0.2 0.813 0.0 0.813 
580 0.918 -0.6 0.920 -0.4 0.922 -0.2 0.922 -0.2 0.924 0.0 0.924 
1
0
0
%
 T
H
F
 
282000 0.038 -7.3 0.039 -4.9 0.041 0.0 0.042 2.4 0.041 0.0 0.041 
126000 0.121 -4.0 0.123 -2.4 0.124 -1.6 0.125 -0.8 0.125 -0.8 0.126 
51200 0.297 -2.0 0.299 -1.3 0.299 -1.3 0.302 -0.3 0.302 -0.3 0.303 
19500 0.509 -1.4 0.511 -1.0 0.511 -1.0 0.514 -0.4 0.515 -0.2 0.516 
7350 0.687 -1.2 0.690 -0.7 0.690 -0.7 0.693 -0.3 0.694 -0.1 0.695 
2780 0.802 -0.9 0.805 -0.5 0.805 -0.5 0.808 -0.1 0.808 -0.1 0.809 
580 0.915 -0.5 0.917 -0.3 0.917 -0.3 0.920 0.0 0.920 0.0 0.920 
118 
 
 
 
Figure 3.16 Calibration plots on C18 column for toluene and PS standards (Mp 580; 2,780; 7,350; 19,500; 
51,200; 126,000; 282,000; 791,000 and 1,640,00) using 70/30 (v/v) THF/methanol mobile phase. 
Instrumentation: Agilent 1100 with a variable wavelength detector set to 262 nm.  Other conditions: 
injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature varied from 10 ºC to 60 ºC. 
Although the elution volumes of PS solutes are decreasing with increasing temperature in 
all mobile phases studied (see Figure 3.16 as an example of calibration plots using 70/30 
(v/v) THF/methanol mobile phase; plots in the other mobile phases are similar and are 
not shown), changes in      with increasing temperature are as follows: nearly constant 
when eluted with 70/30 (v/v) THF/MeOH and THF/IPA; tend to decrease when eluted 
with 70/30 (v/v) THF/ACN; and tend to increase when eluted with 70/30 (v/v) 
THF/EtOH, THF/DMF, THF/chloroform and 100% THF.  
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Calculated        in Table 3.5 for PMMA standards (molar mass 3,070 – 46,890) 
eluted on C18 column with all mobile phases under the study demonstrate that the elution 
is by a near-ideal SEC mechanism within the 10-60 ºC range.  
Table 3.5 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) on a C18 column (listed in Table 3.3) with a variety of 
70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 3.2). Instrumentation: 
Agilent 1100 with a variable wavelength detector set to 230 nm.  Other conditions: injection volume = 1.0 
µL; flow rate = 0.30 mL/min.; column temperature varied from 10 ºC to 60 ºC. 
   Temperature  
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase 
PMMA 
Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
C
1
8
 
7
0
/3
0
 (
v
/v
) 
 T
H
F
/ 
m
et
h
an
o
l 
46890 0.354 6.0 0.349 4.5 0.345 3.3 0.342 2.4 0.337 0.9 0.334 
20310 0.544 2.3 0.541 1.7 0.539 1.3 0.537 0.9 0.533 0.2 0.532 
7360 0.698 0.0 0.698 0.0 0.698 0.0 0.698 0.0 0.697 -0.1 0.698 
3070 0.783 -1.0 0.785 -0.8 0.787 -0.5 0.788 -0.4 0.789 -0.3 0.791 
7
0
/3
0
 (
v
/v
) 
T
H
 F
/ 
ac
et
o
n
it
ri
le
 46890 0.329 2.2 0.328 1.9 0.326 1.2 0.325 0.9 0.323 0.3 0.322 
20310 0.526 0.4 0.526 0.4 0.525 0.2 0.525 0.2 0.524 0.0 0.524 
7360 0.688 -1.1 0.690 -0.9 0.691 -0.7 0.693 -0.4 0.694 -0.3 0.696 
3070 0.779 -1.6 0.782 -1.3 0.785 -0.9 0.787 -0.6 0.790 -0.3 0.792 
7
0
/3
0
  
(v
/v
) 
T
H
F
/ 
et
h
an
o
l 
46890 0.362 6.2 0.356 4.4 0.352 3.2 0.348 2.1 0.343 0.6 0.341 
20310 0.549 2.2 0.545 1.5 0.543 1.1 0.541 0.7 0.538 0.2 0.537 
7360 0.701 -0.1 0.700 -0.3 0.701 -0.1 0.701 -0.1 0.701 -0.1 0.702 
3070 0.786 -1.1 0.787 -1.0 0.789 -0.8 0.791 -0.5 0.793 -0.3 0.795 
7
0
/3
0
 (
v
/v
) 
T
H
F
/I
2
-
p
ro
p
an
o
l 
46890 0.354 6.0 0.349 4.5 0.348 4.2 0.341 2.1 0.338 1.2 0.334 
20310 0.541 2.1 0.537 1.3 0.535 0.9 0.533 0.6 0.533 0.6 0.530 
7360 0.692 -0.4 0.692 -0.4 0.690 -0.7 0.693 -0.3 0.695 0.0 0.695 
3070 0.777 -1.4 0.779 -1.1 0.777 -1.4 0.784 -0.5 0.787 -0.1 0.788 
1
0
0
%
 T
H
F
 46890 0.342 3.3 0.340 2.7 0.339 2.4 0.337 1.8 0.333 0.6 0.331 
20310 0.538 1.1 0.537 0.9 0.536 0.8 0.535 0.6 0.532 0.0 0.532 
7360 0.704 -0.1 0.705 0.0 0.705 0.0 0.706 0.1 0.705 0.0 0.705 
3070 0.797 -0.7 0.799 -0.5 0.800 -0.4 0.802 -0.1 0.802 -0.1 0.803 
 
Although elution volumes of PMMA solutes are decreasing with increased temperature in 
all mobile phases studied (see Figure 3.17 as an example of calibration plots using 70/30 
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(v/v) THF/methanol mobile phase; plots in the other mobile phases are similar and are 
not shown),      of PMMA molar mass 46,890 and 20,310 are decreasing;      of 
PMMA molar mass 7,360 remains nearly constant; and      of PMMA molar mass 
3,070 are increases with the increase in column temperature with all mobile phases used.  
 
Figure 3.17 Calibration plots on C18 column for PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) using 
70/30 (v/v) THF/methanol mobile phase. Instrumentation: Agilent 1100 with a variable wavelength 
detector set to 230 nm.  Other conditions as in Figure 3.16. 
Values of        in Table 3.6 indicate that elution of PS standards on the C4 column is 
by a near-ideal SEC mechanism in all mobile phases under the study over the temperature 
range of 10-60 ºC.  
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Table 3.6 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
PS standards (Mp 282,000; 126,000; 51,200; 19,500; 7,350; 2,780, 580) on a C4 column (listed in Table 
3.3) with a variety of 70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 3.2). 
Instrumentation and other conditions are as in Table 3.4. 
   Temperature 
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase PS Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
C
4
 
7
0
/3
0
 (
v
/v
) 
T
H
F
/m
et
h
an
o
l 
282000 0.068 -1.4 0.068 -1.4 0.069 0.0 0.068 -1.4 0.069 0.0 0.069 
126000 0.191 0.0 0.191 0.0 0.191 0.0 0.191 0.0 0.191 0.0 0.191 
51200 0.419 0.2 0.418 0.0 0.418 0.0 0.418 0.0 0.418 0.0 0.418 
19500 0.644 0.2 0.644 0.2 0.643 0.0 0.644 0.2 0.644 0.2 0.643 
7350 0.812 0.2 0.811 0.1 0.811 0.1 0.812 0.2 0.811 0.1 0.810 
2780 0.910 0.2 0.909 0.1 0.908 0.0 0.909 0.1 0.908 0.0 0.908 
580 0.990 0.2 0.989 0.1 0.988 0.0 0.989 0.1 0.988 0.0 0.988 
7
0
/3
0
 (
v
/v
) 
T
H
F
/a
ce
to
n
it
ri
le
 282000 0.067 0.0 0.067 0.0 0.067 0.0 0.067 0.0 0.067 0.0 0.067 
126000 0.191 2.1 0.190 1.6 0.189 1.1 0.189 1.1 0.188 0.5 0.187 
51200 0.427 1.7 0.426 1.4 0.423 0.7 0.423 0.7 0.421 0.2 0.420 
19500 0.659 1.1 0.658 0.9 0.655 0.5 0.656 0.6 0.654 0.3 0.652 
7350 0.825 0.5 0.825 0.5 0.824 0.4 0.824 0.4 0.823 0.2 0.821 
2780 0.919 0.2 0.919 0.2 0.918 0.1 0.919 0.2 0.919 0.2 0.917 
580 0.990 -0.1 0.991 0.0 0.990 -0.1 0.992 0.1 0.992 0.1 0.991 
7
0
/3
0
 (
v
/v
) 
T
H
F
/e
th
an
o
l 
282000 0.054 -6.9 0.055 -5.2 0.057 -1.7 0.057 -1.7 0.057 -1.7 0.058 
126000 0.161 -1.8 0.162 -1.2 0.163 -0.6 0.163 -0.6 0.163 -0.6 0.164 
51200 0.369 -1.3 0.370 -1.1 0.372 -0.5 0.372 -0.5 0.373 -0.3 0.374 
19500 0.590 -1.2 0.591 -1.0 0.594 -0.5 0.594 -0.5 0.596 -0.2 0.597 
7350 0.763 -1.0 0.765 -0.8 0.767 -0.5 0.768 -0.4 0.770 -0.1 0.771 
2780 0.869 -0.9 0.871 -0.7 0.873 -0.5 0.874 -0.3 0.876 -0.1 0.877 
580 0.966 -0.6 0.968 -0.4 0.969 -0.3 0.970 -0.2 0.972 0.0 0.972 
7
0
/3
0
 (
v
/v
) 
T
H
F
/D
M
F
 
282000 0.049 -5.8 0.050 -3.8 0.051 -1.9 0.051 -1.9 0.052 0.0 0.052 
126000 0.148 0.0 0.147 -0.7 0.149 0.7 0.148 0.0 0.148 0.0 0.148 
51200 0.353 0.0 0.352 -0.3 0.354 0.3 0.352 -0.3 0.353 0.0 0.353 
19500 0.583 0.2 0.583 0.2 0.584 0.3 0.582 0.0 0.582 0.0 0.582 
7350 0.765 0.4 0.764 0.3 0.764 0.3 0.763 0.1 0.763 0.1 0.762 
2780 0.873 0.3 0.872 0.2 0.872 0.2 0.871 0.1 0.871 0.1 0.870 
580 0.962 0.2 0.961 0.1 0.960 0.0 0.961 0.1 0.960 0.0 0.960 
7
0
/3
0
 (
v
/v
) 
T
H
F
/2
-p
ro
p
an
o
l 282000 0.057 -5.0 0.058 -3.3 0.059 -1.7 0.059 -1.7 0.060 0.0 0.060 
126000 0.167 -1.2 0.168 -0.6 0.167 -1.2 0.168 -0.6 0.169 0.0 0.169 
51200 0.378 -1.0 0.380 -0.5 0.380 -0.5 0.381 -0.3 0.382 0.0 0.382 
19500 0.600 -1.0 0.602 -0.7 0.602 -0.7 0.603 -0.5 0.604 -0.3 0.606 
7350 0.771 -0.8 0.773 -0.5 0.773 -0.5 0.775 -0.3 0.776 -0.1 0.777 
2780 0.875 -0.7 0.876 -0.6 0.877 -0.5 0.878 -0.3 0.880 -0.1 0.881 
580 0.967 -0.5 0.968 -0.4 0.968 -0.4 0.969 -0.3 0.970 -0.2 0.972 
7
0
/3
0
 (
v
/v
) 
T
H
F
/c
h
lo
ro
fo
rm
 282000 0.048 -4.0 0.048 -4.0 0.049 -2.0 0.049 -2.0 0.050 0.0 0.050 
126000 0.144 -0.7 0.144 -0.7 0.144 -0.7 0.145 0.0 0.145 0.0 0.145 
51200 0.343 -0.6 0.344 -0.3 0.344 -0.3 0.344 -0.3 0.344 -0.3 0.345 
19500 0.567 -0.5 0.569 -0.2 0.569 -0.2 0.569 -0.2 0.570 0.0 0.570 
7350 0.747 -0.4 0.749 -0.1 0.749 -0.1 0.749 -0.1 0.750 0.0 0.750 
2780 0.858 -0.3 0.860 -0.1 0.860 -0.1 0.860 -0.1 0.861 0.0 0.861 
580 0.960 -0.2 0.962 0.0 0.962 0.0 0.962 0.0 0.962 0.0 0.962 
1
0
0
%
 T
H
F
 
282000 0.043 -8.5 0.044 -6.4 0.044 -6.4 0.046 -2.1 0.046 -2.1 0.047 
126000 0.134 -3.6 0.135 -2.9 0.134 -3.6 0.137 -1.4 0.138 -0.7 0.139 
51200 0.329 -2.1 0.331 -1.5 0.328 -2.4 0.333 -0.9 0.333 -0.9 0.336 
19500 0.556 -1.4 0.559 -0.9 0.554 -1.8 0.561 -0.5 0.561 -0.5 0.564 
7350 0.742 -0.9 0.744 -0.7 0.737 -1.6 0.745 -0.5 0.746 -0.4 0.749 
2780 0.856 -0.8 0.859 -0.5 0.850 -1.5 0.859 -0.5 0.860 -0.3 0.863 
580 0.961 -0.5 0.963 -0.3 0.953 -1.3 0.963 -0.3 0.963 -0.3 0.966 
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Although elution volumes of PS solutes are decreasing with the increased temperature in 
all mobile phases studied (see Figure 3.18 as an example of calibration plots using 70/30 
(v/v) THF/methanol mobile phase; plots in the other mobile phases are similar and are 
not shown), the more important metric      of PS standards are nearly constant 
wheneluted with 70/30 (v/v) THF/methanol, THF/acetonitrile, THF/DMF and 
THF/chloroform, but      of PS standards eluted with 70/30 (v/v) THF/ethanol, THF/2-
propanol and 100% THF have a tendency to increase with the increase in column 
temperature.   
 
Figure 3.18 Calibration plots on C4 column with toluene and PS standards (Mp 580; 2,780; 7,350; 19,500; 
51,200; 126,000; 282,000; 791,000 and 1,640,00) using 70/30 (v/v) THF/methanol mobile phase. 
Instrumentation and other conditions are as in Figure 3.16. 
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Values of        calculated for PMMA standards (molar mass 3,070 – 46,890) in 
Table 3.7 demonstrate that the elution is by a near-ideal SEC mechanism within the 10-
60 ºC temperature range on the C4 column in all mobile phases under the study.  
Table 3.7 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) on a C4 column (listed in Table 3.3) with a variety of 
70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 3.2). Instrumentation and 
other conditions are as in Table 3.5. 
   Temperature 
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase 
PMMA 
Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
C
4
 
7
0
/3
0
 (
v
/v
) 
 T
H
F
/ 
m
et
h
an
o
l 
46890 0.402 6.6 0.397 5.3 0.391 3.7 0.386 2.4 0.382 1.3 0.377 
20310 0.611 3.0 0.607 2.4 0.603 1.7 0.600 1.2 0.597 0.7 0.593 
7360 0.773 0.7 0.772 0.5 0.771 0.4 0.770 0.3 0.769 0.1 0.768 
3070 0.862 -0.1 0.862 -0.1 0.862 -0.1 0.863 0.0 0.864 0.1 0.863 
7
0
/3
0
 (
v
/v
) 
T
H
 F
/ 
ac
et
o
n
it
ri
le
 46890 0.368 2.2 0.365 1.4 0.366 1.7 0.362 0.6 0.360 0.0 0.360 
20310 0.582 0.5 0.580 0.2 0.582 0.5 0.580 0.2 0.579 0.0 0.579 
7360 0.751 -0.9 0.752 -0.8 0.756 -0.3 0.755 -0.4 0.756 -0.3 0.758 
3070 0.844 -1.4 0.846 -1.2 0.852 -0.5 0.852 -0.5 0.854 -0.2 0.856 
7
0
/3
0
  
(v
/v
) 
T
H
F
/ 
et
h
an
o
l 
46890 0.412 7.9 0.404 5.8 0.398 4.2 0.391 2.4 0.385 0.8 0.382 
20310 0.610 2.9 0.605 2.0 0.602 1.5 0.598 0.8 0.594 0.2 0.593 
7360 0.767 0.4 0.765 0.1 0.765 0.1 0.764 0.0 0.763 -0.1 0.764 
3070 0.853 -0.7 0.854 -0.6 0.856 -0.3 0.857 -0.2 0.857 -0.2 0.859 
7
0
/3
0
 (
v
/v
) 
T
H
F
/2
-
p
ro
p
an
o
l 
46890 0.406 6.8 0.398 4.7 0.392 3.2 0.387 1.8 0.382 0.5 0.380 
20310 0.607 2.7 0.602 1.9 0.598 1.2 0.595 0.7 0.592 0.2 0.591 
7360 0.764 0.1 0.762 -0.1 0.761 -0.3 0.761 -0.3 0.761 -0.3 0.763 
3070 0.851 -0.8 0.851 -0.8 0.852 -0.7 0.853 -0.6 0.854 -0.5 0.858 
1
0
0
%
 T
H
F
 46890 0.376 3.3 0.375 3.0 0.370 1.6 0.369 1.4 0.366 0.5 0.364 
20310 0.586 1.2 0.586 1.2 0.580 0.2 0.582 0.5 0.580 0.2 0.579 
7360 0.759 0.1 0.759 0.1 0.753 -0.7 0.758 0.0 0.757 -0.1 0.758 
3070 0.855 -0.2 0.855 -0.2 0.849 -0.9 0.855 -0.2 0.855 -0.2 0.857 
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Although elution volumes of PMMA solutes are decreasing with increasing temperature 
in all mobile phases studied (see Figure 3.19 as an example of calibration plots using 
70/30 (v/v) THF/methanol mobile phase; plots in the other mobile phases are similar and 
are not shown),      changes are less consistent and are as described as follows: when 
solutes are eluted with 70/30 (v/v) THF/methanol mobile phase,      decreases for molar 
masses 46,890, 20,310 and 7,360, but remains nearly constant for molar mass 3,070; 
when solutes are eluted with 70/30 THF/acetonitrile mobile phase,      decreases for 
molar masses 46,890, and 20,310, but increases for molar masses 7,360 and 3,070; when 
solutes are eluted with 70/30 THF/ethanol mobile phase,      decreases for molar masses 
46,890, 20,310 and 7,360, but increases for molar mass 3,070; when solutes are eluted 
with 70/30 THF/2-propanol mobile phase,      decreases for molar masses 46,890 and 
20,310, remains nearly constant for molar mass 7,360 and increases for molar mass 
3,070; when solutes are eluted with 100% THF mobile phase, KSEC decreases for molar 
masses 46,890 and 20,310, but remains nearly constant for molar masses 7,360 and 
3,070.  
From Table 3.8, values of        indicate that elution of PS standards on the phenyl 
column is by a near-ideal SEC mechanism in all mobile phases under study over the 
temperature range of 10-60 ºC. Although elution volumes of PS solutes are decreasing 
with increased temperature, only slight increase in      is seen with the increased 
temperature (see Figure 3.20 as an example of calibration plots using 70/30 (v/v) 
THF/methanol mobile phase; plots in the other mobile phases are similar and are not 
shown). 
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Figure 3.19 Calibration plots on C4 column with PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) 
using 70/30 (v/v) THF/methanol mobile phase. Instrumentation and other conditions are as in Figure 3.17. 
Values of         in Table 3.9 demonstrate a near-ideal SEC elution of PMMA 
standards (3,070 – 46,890) on the phenyl column in all mobile phases under the study 
over the 10-60 ºC temperature range. Although elution volumes of PMMA solutes are 
decreasing with the temperature increase (see Figure 3.21 as an example of calibration 
plots using 70/30 (v/v) THF/methanol mobile phase; plots in the other mobile phases are 
similar and are not shown),      of PMMA solutes changes in the following manner: 
decreases for molar masses 3,070 – 46,890 when eluted with 70/30 (v/v) THF/methanol, 
THF/ethanol and THF/2-propanol mobile phases; decreases for molar masses 46,890 and 
20,310, remains nearly constant for molar mass 7,360 and 3,070 when eluted with 70/30 
THF/acetonitrile and neat THF mobile phases. 
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Table 3.8 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
PS standards (Mp 282,000; 126,000; 51,200; 19,500; 7,350; 2,780, 580) on a phenyl column (listed in 
Table 3.3) with a variety of 70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 
3.2). Instrumentation and other conditions are as in Table 3.4.  
   Temperature 
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase PS Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
P
h
en
y
l 
7
0
/3
0
 (
v
/v
) 
T
H
F
/m
et
h
an
o
l 
282000 0.088 -2.2 0.087 -3.3 0.089 -1.1 0.089 -1.1 0.090 0.0 0.090 
126000 0.243 -1.2 0.242 -1.6 0.244 -0.8 0.244 -0.8 0.245 -0.4 0.246 
51200 0.498 -0.8 0.499 -0.6 0.500 -0.4 0.502 0.0 0.502 0.0 0.502 
19500 0.718 -0.6 0.718 -0.6 0.719 -0.4 0.722 0.0 0.721 -0.1 0.722 
7350 0.861 -0.3 0.862 -0.2 0.862 -0.2 0.865 0.1 0.864 0.0 0.864 
2780 0.934 -0.3 0.935 -0.2 0.936 -0.1 0.938 0.1 0.937 0.0 0.937 
580 0.984 -0.2 0.985 -0.1 0.985 -0.1 0.987 0.1 0.986 0.0 0.986 
7
0
/3
0
 (
v
/v
) 
T
H
F
/a
ce
to
n
it
ri
le
 282000 0.072 -2.7 0.073 -1.4 0.073 -1.4 0.073 -1.4 0.073 -1.4 0.074 
126000 0.206 -1.0 0.206 -1.0 0.206 -1.0 0.207 -0.5 0.207 -0.5 0.208 
51200 0.449 -0.9 0.450 -0.7 0.449 -0.9 0.451 -0.4 0.452 -0.2 0.453 
19500 0.675 -0.7 0.676 -0.6 0.676 -0.6 0.679 -0.1 0.678 -0.3 0.680 
7350 0.832 -0.5 0.833 -0.4 0.833 -0.4 0.835 -0.1 0.836 0.0 0.836 
2780 0.917 -0.3 0.918 -0.2 0.918 -0.2 0.920 0.0 0.920 0.0 0.920 
580 0.979 -0.3 0.980 -0.2 0.980 -0.2 0.983 0.1 0.982 0.0 0.982 
7
0
/3
0
 (
v
/v
) 
T
H
F
/e
th
an
o
l 
282000 0.070 -2.8 0.071 -1.4 0.070 -2.8 0.071 -1.4 0.071 -1.4 0.072 
126000 0.201 -0.5 0.201 -0.5 0.201 -0.5 0.201 -0.5 0.201 -0.5 0.202 
51200 0.440 -0.2 0.440 -0.2 0.440 -0.2 0.440 -0.2 0.441 0.0 0.441 
19500 0.666 -0.1 0.666 -0.1 0.667 0.0 0.667 0.0 0.668 0.1 0.667 
7350 0.825 -0.1 0.825 -0.1 0.826 0.0 0.827 0.1 0.827 0.1 0.826 
2780 0.913 0.0 0.913 0.0 0.913 0.0 0.914 0.1 0.915 0.2 0.913 
580 0.978 -0.1 0.978 -0.1 0.979 0.0 0.980 0.1 0.981 0.2 0.979 
7
0
/3
0
 (
v
/v
) 
T
H
F
/D
M
F
 
282000 0.052 -5.5 0.052 -5.5 0.053 -3.6 0.052 -5.5 0.054 -1.8 0.055 
126000 0.156 -1.3 0.156 -1.3 0.158 0.0 0.155 -1.9 0.157 -0.6 0.158 
51200 0.370 -0.8 0.370 -0.8 0.374 -0.3 0.369 -1.1 0.372 -0.3 0.373 
19500 0.600 -0.3 0.600 -0.3 0.603 0.2 0.599 -0.5 0.602 0.0 0.602 
7350 0.775 -0.3 0.775 -0.3 0.777 0.0 0.774 -0.4 0.776 -0.1 0.777 
2780 0.877 -0.1 0.877 -0.1 0.878 0.0 0.876 -0.2 0.878 0.0 0.878 
580 0.962 0.0 0.962 0.0 0.962 0.0 0.961 -0.1 0.962 0.0 0.962 
7
0
/3
0
 (
v
/v
) 
T
H
F
/2
-p
ro
p
an
o
l 282000 0.074 -1.3 0.074 -1.3 0.074 -1.3 0.074 -1.3 0.075 0.0 0.075 
126000 0.209 -0.5 0.209 -0.5 0.209 -0.5 0.209 -0.5 0.210 0.0 0.210 
51200 0.452 -0.2 0.452 -0.2 0.452 -0.2 0.453 0.0 0.453 0.0 0.453 
19500 0.677 -0.4 0.679 -0.1 0.678 -0.3 0.679 -0.1 0.680 0.0 0.680 
7350 0.834 -0.4 0.835 -0.2 0.835 -0.2 0.836 -0.1 0.836 -0.1 0.837 
2780 0.919 -0.2 0.920 -0.1 0.920 -0.1 0.921 0.0 0.921 0.0 0.921 
580 0.981 -0.2 0.982 -0.1 0.983 0.0 0.984 0.1 0.984 0.1 0.983 
7
0
/3
0
 (
v
/v
) 
T
H
F
/c
h
lo
ro
fo
rm
 282000 0.053 -5.4 0.053 -5.4 0.054 -3.6 0.055 -1.8 0.056 0.0 0.056 
126000 0.161 -1.2 0.161 -1.2 0.161 -1.2 0.162 -0.6 0.163 0.0 0.163 
51200 0.378 -0.8 0.379 -0.5 0.378 -0.8 0.380 -0.3 0.381 0.0 0.381 
19500 0.606 -0.7 0.607 -0.5 0.607 -0.5 0.608 -0.3 0.609 -0.2 0.610 
7350 0.778 -0.5 0.780 -0.3 0.779 -0.4 0.781 -0.1 0.781 -0.1 0.782 
2780 0.878 -0.6 0.881 -0.2 0.880 -0.3 0.882 -0.1 0.882 -0.1 0.883 
580 0.963 -0.3 0.965 -0.1 0.964 -0.2 0.966 0.0 0.966 0.0 0.966 
1
0
0
%
 T
H
F
 
282000 0.053 -3.6 0.053 -3.6 0.053 -3.6 0.054 -1.8 0.055 0.0 0.055 
126000 0.152 -2.6 0.152 -2.6 0.153 -1.9 0.154 -1.3 0.155 -0.6 0.156 
51200 0.359 -1.6 0.360 -1.4 0.361 -1.1 0.362 -0.8 0.364 -0.3 0.365 
19500 0.583 -1.0 0.584 -0.8 0.585 -0.7 0.586 -0.5 0.588 -0.2 0.589 
7350 0.761 -0.5 0.761 -0.5 0.761 -0.5 0.762 -0.4 0.764 -0.1 0.765 
2780 0.865 -0.3 0.865 -0.3 0.866 -0.2 0.866 -0.2 0.867 -0.1 0.868 
580 0.955 0.0 0.954 -0.1 0.954 -0.1 0.954 -0.1 0.955 0.0 0.955 
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Figure 3.20 Calibration plots on a phenyl column with toluene and PS standards (Mp 580; 2,780; 7,350; 
19,500; 51,200; 126,000; 282,000; 791,000 and 1,640,00) using 70/30 (v/v) THF/methanol mobile phase. 
Instrumentation and other conditions are as in Figure 3.16. 
For the cyano column, values of        tabulated in Table 3.10 indicate that elution of 
nearly all PS standards is by a near-ideal SEC mechanism in all mobile phases under 
study, over the 10-60 ºC temperature range, with the exception of high molar mass PS 
(282,000) that shows non-SEC interactions in 70/30 (v/v) THF/DMF and 
THF/chloroform mobile phases. Elution of PS molar mass 282,000 is by a near-ideal 
SEC mechanism in 70/30 (v/v) THF/chloroform mobile phase within 30 ºC from the 
reference temperature (i.e., at 50 ºC, 40 ºC and 30 ºC when reference temperature is set to 
60 ºC), however. 
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Table 3.9 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) on a phenyl column (listed in Table 3.3) with a 
variety of 70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 3.2). 
Instrumentation and other conditions as in Table 3.5.  
   Temperature 
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase 
PMMA 
Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
P
h
en
y
l 
7
0
/3
0
 (
v
/v
) 
 T
H
F
/ 
m
et
h
an
o
l 
46890 0.466 7.1 0.457 5.1 0.451 3.7 0.442 1.6 0.440 1.1 0.435 
20310 0.676 3.4 0.670 2.4 0.665 1.7 0.659 0.8 0.657 0.5 0.654 
7360 0.824 1.1 0.821 0.7 0.819 0.5 0.816 0.1 0.816 0.1 0.815 
3070 0.898 0.3 0.897 0.2 0.896 0.1 0.894 -0.1 0.896 0.1 0.895 
7
0
/3
0
 (
v
/v
) 
T
H
F
/ 
ac
et
o
n
it
ri
le
 
46890 0.417 3.0 0.414 2.2 0.413 2.0 0.409 1.0 0.407 0.5 0.405 
20310 0.634 1.3 0.631 0.8 0.632 1.0 0.629 0.5 0.627 0.2 0.626 
7360 0.795 0.0 0.794 -0.1 0.797 0.3 0.795 0.0 0.795 0.0 0.795 
3070 0.879 -0.5 0.879 -0.5 0.883 0.0 0.882 -0.1 0.882 -0.1 0.883 
7
0
/3
0
  
(v
/v
) 
T
H
F
/ 
et
h
an
o
l 
46890 0.486 9.5 0.476 7.2 0.466 5.0 0.458 3.2 0.450 1.4 0.444 
20310 0.687 4.6 0.680 3.5 0.673 2.4 0.668 1.7 0.662 0.8 0.657 
7360 0.830 1.7 0.827 1.3 0.823 0.9 0.822 0.7 0.819 0.4 0.816 
3070 0.902 0.6 0.901 0.4 0.900 0.3 0.900 0.3 0.899 0.2 0.897 
7
0
/3
0
 (
v
/v
) 
T
H
F
/2
-
p
ro
p
an
o
l 
46890 0.479 8.9 0.470 6.8 0.460 4.5 0.453 3.0 0.446 1.4 0.440 
20310 0.684 4.1 0.677 3.0 0.671 2.1 0.665 1.2 0.660 0.5 0.657 
7360 0.831 1.6 0.828 1.2 0.824 0.7 0.822 0.5 0.819 0.1 0.818 
3070 0.903 0.3 0.902 0.2 0.901 0.1 0.901 0.1 0.900 0.0 0.900 
1
0
0
%
 T
H
F
 0.422 0.419 4.0 0.415 3.0 0.412 2.2 0.408 1.2 0.406 0.7 0.403 
0.628 0.628 1.9 0.624 1.3 0.622 1.0 0.619 0.5 0.618 0.3 0.616 
0.793 0.790 0.8 0.787 0.4 0.787 0.4 0.785 0.1 0.785 0.1 0.784 
0.885 0.876 0.3 0.873 0.0 0.874 0.1 0.873 0.0 0.874 0.1 0.873 
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Figure 3.21 Calibration plots on a phenyl column with PMMA standards (Mp 46,890; 20,310; 7,360; 
3,070) using 70/30 (v/v) THF/methanol mobile phase. Instrumentation and other conditions are as in Figure 
3.17. 
As observed on the C18, C4 and phenyl columns, the elution volumes of PS solutes are 
decreasing on the cyano column as well with increasing temperature in all mobile phases 
studied (see Figure 3.22 as an example of calibration plots using 70/30 (v/v) 
THF/methanol mobile phase; plots in the other mobile phases are similar and are not 
shown), but      changes are as follows: remains nearly constant in 70/30 (v/v) 
THF/acetonitrile, THF/2-propanol and THF/chloroform (with the exception of      for 
molar mass 282,000, which increases) mobile phases; and increases in all the other 
mobile phases with the temperature increase. 
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Table 3.10 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained 
for PS standards (Mp 282,000; 126,000; 51,200; 19,500; 7,350; 2,780, 580) on a cyano column (listed in 
Table 3.3) with a variety of 70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 
3.2). Instrumentation and other conditions are as in Table 3.4. 
   Temperature 
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase PS Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
C
y
an
o
 
7
0
/3
0
 (
v
/v
) 
T
H
F
/m
et
h
an
o
l 
282000 0.055 -6.8 0.057 -3.4 0.056 -5.1 0.057 -3.4 0.058 -1.7 0.059 
126000 0.161 -1.8 0.164 0.0 0.161 -1.8 0.163 -0.6 0.163 -0.6 0.164 
51200 0.356 -1.1 0.360 0.0 0.356 -1.1 0.358 -0.6 0.359 -0.3 0.360 
19500 0.571 -0.7 0.577 0.3 0.570 -0.9 0.572 -0.5 0.573 -0.3 0.575 
7350 0.742 -0.4 0.749 0.5 0.740 -0.7 0.743 -0.3 0.743 -0.3 0.745 
2780 0.847 -0.4 0.854 0.5 0.845 -0.6 0.847 -0.4 0.848 -0.2 0.850 
580 0.940 -0.2 0.948 0.6 0.938 -0.4 0.940 -0.2 0.941 -0.1 0.942 
7
0
/3
0
 (
v
/v
) 
T
H
F
/a
ce
to
n
it
ri
le
 282000 0.055 -1.8 0.055 -1.8 0.055 -1.8 0.056 0.0 0.055 -1.8 0.056 
126000 0.155 0.0 0.156 0.6 0.156 0.6 0.156 0.6 0.155 0.0 0.155 
51200 0.350 0.6 0.350 0.6 0.350 0.6 0.350 0.6 0.349 0.3 0.348 
19500 0.568 0.2 0.569 0.4 0.568 0.2 0.568 0.2 0.568 0.2 0.567 
7350 0.744 0.0 0.745 0.1 0.743 -0.1 0.744 0.0 0.744 0.0 0.744 
2780 0.852 0.0 0.853 0.1 0.851 -0.1 0.852 0.0 0.853 0.1 0.852 
580 0.949 0.0 0.950 0.1 0.948 -0.1 0.949 0.0 0.950 0.1 0.949 
7
0
/3
0
 (
v
/v
) 
T
H
F
/e
th
an
o
l 
282000 0.053 -7.0 0.055 -3.5 0.055 -3.5 0.056 -1.8 0.056 -1.8 0.057 
126000 0.158 -1.9 0.159 -1.2 0.159 -1.2 0.160 -0.6 0.160 -0.6 0.161 
51200 0.354 -1.1 0.355 -0.8 0.355 -0.8 0.357 -0.3 0.356 -0.6 0.358 
19500 0.572 -0.7 0.574 -0.3 0.574 -0.3 0.575 -0.2 0.574 -0.3 0.576 
7350 0.746 -0.7 0.748 -0.4 0.748 -0.4 0.750 0.1 0.749 -0.3 0.751 
2780 0.853 -0.5 0.855 -0.2 0.855 -0.2 0.857 0.0 0.856 -0.1 0.857 
580 0.947 -0.5 0.949 -0.3 0.949 -0.3 0.952 0.0 0.950 -0.2 0.952 
7
0
/3
0
 (
v
/v
) 
T
H
F
/D
M
F
 
282000 0.021 -48.8 0.018 -56.1 0.022 -46.3 0.037 -9.8 0.032 -22.0 0.041 
126000 0.135 -5.6 0.139 -2.8 0.141 -1.4 0.142 -0.7 0.141 -1.4 0.143 
51200 0.325 -2.7 0.329 -1.5 0.331 -0.9 0.332 -0.6 0.331 -0.9 0.334 
19500 0.553 -1.4 0.556 -0.9 0.559 -0.4 0.559 -0.4 0.558 -0.5 0.561 
7350 0.741 -1.1 0.743 -0.8 0.746 0.4 0.746 0.4 0.746 0.4 0.749 
2780 0.857 -0.9 0.859 -0.7 0.862 -0.3 0.863 -0.2 0.862 -0.3 0.865 
580 0.960 -0.9 0.962 -0.7 0.966 -0.3 0.967 -0.2 0.966 -0.3 0.969 
7
0
/3
0
 (
v
/v
) 
T
H
F
/2
-p
ro
p
an
o
l 282000 0.053 -5.4 0.053 -5.4 0.055 -1.8 0.055 -1.8 0.056 0.0 0.056 
126000 0.160 0.0 0.159 -0.6 0.160 0.0 0.159 -0.6 0.160 0.0 0.160 
51200 0.358 0.3 0.357 0.0 0.358 0.3 0.357 0.0 0.357 0.0 0.357 
19500 0.578 0.2 0.578 0.2 0.577 0.0 0.577 0.0 0.577 0.0 0.577 
7350 0.753 0.1 0.753 0.1 0.752 0.0 0.752 0.0 0.752 0.0 0.752 
2780 0.860 0.2 0.860 0.2 0.858 0.0 0.859 0.1 0.859 0.1 0.858 
580 0.951 -0.1 0.952 0.0 0.950 -0.2 0.952 0.0 0.952 0.0 0.952 
7
0
/3
0
 (
v
/v
) 
T
H
F
/c
h
lo
ro
fo
rm
 282000 0.026 -33.3 0.020 -48.7 0.036 -7.7 0.038 -2.6 0.039 0.0 0.039 
126000 0.142 -1.4 0.144 0.0 0.144 0.0 0.144 0.0 0.145 0.7 0.144 
51200 0.334 -0.6 0.336 0.0 0.335 -0.3 0.335 -0.3 0.336 0.0 0.336 
19500 0.558 -0.4 0.560 0.0 0.559 -0.2 0.559 -0.2 0.560 0.0 0.560 
7350 0.740 -0.3 0.742 0.0 0.741 -0.1 0.741 -0.1 0.742 0.0 0.742 
2780 0.852 -0.1 0.853 0.0 0.853 0.0 0.852 -0.1 0.853 0.0 0.853 
580 0.947 -0.1 0.949 0.1 0.949 0.1 0.948 0.0 0.948 0.0 0.948 
1
0
0
%
 T
H
F
 
282000 0.042 -8.7 0.044 -4.3 0.046 0.0 0.044 -4.3 0.045 -2.2 0.046 
126000 0.135 -2.9 0.136 -2.2 0.138 0.7 0.137 -1.4 0.138 -0.7 0.139 
51200 0.319 -1.5 0.321 -0.9 0.323 -0.3 0.322 -0.6 0.323 -0.3 0.324 
19500 0.543 -0.7 0.544 -0.5 0.546 -0.2 0.544 -0.5 0.546 -0.2 0.547 
7350 0.728 -0.4 0.730 -0.1 0.731 0.0 0.729 -0.3 0.731 0.0 0.731 
2780 0.843 -0.2 0.845 0.0 0.846 0.1 0.843 -0.2 0.845 0.0 0.845 
580 0.945 0.0 0.947 0.2 0.948 0.3 0.945 0.0 0.946 0.1 0.945 
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Calculated values of         for PMMA standards (46,890 - 3,070) in Table 3.11 for 
all the mobile phases under study demonstrate that the elution is by a near-ideal SEC 
mechanism within the 10-60 ºC temperature range, with the exception of        for the 
molar mass 46,890 that has a narrower range (20-60 ºC) of elution by a near-ideal SEC. 
The high        (above 10%) for PMMA standard of 46,890 molar mass indicates a 
non-ideal SEC elution mechanism in THF mobile phase modified with 30% of 2-
propanol at low column temperature (10 ºC). Similarly to the observations on C18, C4 and 
phenyl columns, elution volumes of PMMA solutes are decreasing with the increase in 
temperature in all mobile phases studied (see Figure 3.23 as an example of calibration 
plots using 70/30 (v/v) THF/methanol mobile phase; plots in the other mobile phases are 
similar and are not shown), but      of PMMA molar masses 46,890 – 7,360 are 
decreasing, and      of molar mass 3,070 remains nearly constant with increasing 
temperature in 70/30 (v/v) THF/methanol, THF/acetonitrile and 100% THF mobile 
phases;      of PMMA molar mass 46,890 – 3,070 decreases with increasing 
temperature in 70/30 THF/ethanol and THF/2-propanol mobile phases. Thus, elution 
volumes of PS and PMMA solutes decrease with increased column temperature on all 
columns with all mobile phases. As discussed in section 3.4.1., changes in elution 
volumes could be the result of changes in sizes of the polymer coils. While this is 
possible, it does not appear to be the main contributing factor. For example, the elution 
volumes of PS solutes decrease with increasing temperature when 100% THF mobile 
phase is used. Thus, one might assume that the hydrodynamic volumes of PS solutes 
increase with increasing temperature.  
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Figure 3.22 Calibration plots on a cyano column with toluene and PS standards (Mp 580; 2,780; 7,350; 
19,500; 51,200; 126,000; 282,000; 791,000 and 1,640,00) using 70/30 (v/v) THF/methanol mobile phase. 
Instrumentation and other conditions are as in Figure 3.16. 
However, Mori et al. [92] determined that intrinsic viscosity (and therefore 
hydrodynamic volume) of PS in THF was almost unchanged when the temperature varied 
from 20 ºC to 55 ºC. Furthermore, the elution of toluene is also affected by the changes in 
column temperature, where its elution volume decreases with the increase in temperature. 
Since toluene is not expected to increase in size depending on the temperature, but its 
elution volume decreases with the increase in temperature, then it is possible to suggest 
that PS solutes also do not experience significant changes in hydrodynamic volumes that 
would affect their elution volumes. It is possible that at a low temperature (10 ºC) a 
thermal contraction of the mobile phase causes the real flow rate to decrease within the 
column, increasing the elution time (and calculated elution volume, if the flow rate is 
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assumed constant) of solutes. Similarly, at a high temperature (60 ºC) a thermal 
expansion of the mobile phase causes the real flow rate to increase, decreasing the elution 
time (and calculated elution volume, if the flow rate is again assumed constant). 
Table 3.11 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained 
for PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) on a cyano column (listed in Table 3.3) with a 
variety of 70/30 THF/solvent j mobile phases (solvents are listed in Table 3.1 and Table 3.2). 
Instrumentation and other conditions are as in Table 3.5. 
   Temperature 
   10ºC 20ºC 30ºC 40ºC 50ºC 60ºC 
Column 
ID 
Mobile 
Phase 
PMMA 
Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
C
y
an
o
 
7
0
/3
0
 T
H
F
/ 
m
et
h
an
o
l 
46890 0.414 6.4 0.412 5.9 0.402 3.3 0.396 1.8 0.392 0.8 0.389 
20310 0.627 3.0 0.627 3.0 0.617 1.3 0.613 0.7 0.610 0.2 0.609 
7360 0.799 1.4 0.802 1.8 0.791 0.4 0.789 0.1 0.788 0.0 0.788 
3070 0.876 0.1 0.883 0.9 0.874 -0.1 0.873 -0.2 0.874 -0.1 0.875 
7
0
/3
0
 T
H
F
/ 
ac
et
o
n
it
ri
le
 46890 0.378 3.6 0.376 3.0 0.374 2.5 0.370 1.4 0.367 0.5 0.365 
20310 0.597 1.9 0.595 1.5 0.594 1.4 0.590 0.7 0.588 0.3 0.586 
7360 0.775 0.4 0.776 0.5 0.776 0.5 0.772 0.0 0.772 0.0 0.772 
3070 0.867 -0.1 0.868 0.0 0.870 0.2 0.867 -0.1 0.867 -0.1 0.868 
7
0
/3
0
 
T
H
F
/e
th
an
o
l 46890 0.437 8.7 0.428 6.5 0.421 4.7 0.414 3.0 0.407 1.2 0.402 
20310 0.647 4.2 0.641 3.2 0.635 2.3 0.630 1.4 0.625 0.6 0.621 
7360 0.814 2.0 0.809 1.4 0.805 0.9 0.803 0.6 0.800 0.3 0.798 
3070 0.889 0.3 0.888 0.2 0.887 0.1 0.887 0.1 0.886 0.0 0.886 
7
0
/3
0
 T
H
F
/2
-
p
ro
p
an
o
l 
46890 0.460 11.1 0.447 8.0 0.438 5.8 0.428 3.4 0.420 1.4 0.414 
20310 0.669 5.7 0.659 4.1 0.651 2.8 0.644 1.7 0.637 0.6 0.633 
7360 0.844 4.5 0.826 2.2 0.820 1.5 0.814 0.7 0.810 0.2 0.808 
3070 0.902 1.1 0.899 0.8 0.896 0.4 0.894 0.2 0.892 0.0 0.892 
1
0
0
%
 T
H
F
 46890 0.396 3.4 0.395 3.1 0.394 2.9 0.389 1.6 0.386 0.8 0.383 
20310 0.614 1.8 0.613 1.7 0.613 1.7 0.607 0.7 0.606 0.5 0.603 
7360 0.791 0.5 0.791 0.5 0.793 0.8 0.788 0.1 0.788 0.1 0.787 
3070 0.882 0.2 0.882 0.2 0.884 0.5 0.880 0.0 0.881 0.1 0.880 
Given the relatively low thermal expansion coefficients of most solvents (e.g., at 
atmospheric pressure and room temperature: 0.96 x 10
-3
 (IPA); 1.1 x 10
-3
 (EtOH); 1.13 x 
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10
-3
 (THF); 1.2 x 10
-3
 (MeOH); 1.37 x 10
-3
 (ACN) [106]), this scenario is also unlikely, 
even if the temperature change occurred during the transit of the mobile phase from the 
pump to the column.  
 
Figure 3.23 Calibration plots on a cyano column with PMMA standards (Mp 46,890; 20,310; 7,360; 3,070) 
using 70/30 (v/v) THF/methanol mobile phase. Instrumentation and other conditions are as in Figure 3.17. 
It is reasonable to consider the conformational mobilities of the stationary phase [93, 
107], the preferential solvation of the stationary phase, and the temperature dependence 
of each. However, while studies of temperature effect on solvation interactions of organic 
solvents with reversed-phase stationary phase show that the total amount of the solvent 
adsorbed by the stationary phase decreases with increasing column temperature [108, 
109], it does not appear to be a factor contributing to the decreased elution volumes of 
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polymers. This is because the decrease of solvent adsorption onto the stationary phase 
would not lead to the decrease in total pore volume of the column, if pore volume was 
assumed to play a role in the temperature effect. 
This study demonstrates that the elution volumes of PS and PMMA polymers on RP 
columns are affected by the temperature change (decrease with increasing column 
temperature), but their partition coefficients remain nearly constant, indicating near-ideal 
SEC elution in a variety of mobile phases that are binary mixtures of THF and another 
organic solvent, as well as in neat THF. Since variation of PS and PMMA elution 
volumes are not related to such effects as non-SEC interactions, solute hydrodynamic 
volume change, column volume change, then the possible explanation of this 
phenomenon could be the contraction/expansion of the mobile phase and possibly a 
change in mass transfer kinetics (i.e., partition of solutes in and out of the pores of the 
column packing). Temperature increase decreases the viscosity of the mobile phase and 
promotes better diffusivity and mass transfer of the solutes (increases the molecular 
diffusion term, B-term, and decreases the mass-transfer term, C-term of the van Deemter 
equation) [110]. 
3.5. Conclusion 
The elution of polymers using binary solvents on reversed-phase columns is complex. An 
attempt was made to interpret the effect of solvent type and solvent modifier 
concentration on the stationary phase properties and on the elution of polymers. Note that 
these observations serve only as an approximation because interactions of solvents with 
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the stationary phases may be dependent on many factors, such as the extent of surface 
homogeneity, bonding density, residual silanols, etc., which can vary from column to 
column with the same stationary phase chemistry, leading to slight variations. The effect 
of column temperature on the mechanism of elution (near-ideal or non-ideal SEC) was 
also studied by an assessment of the partition coefficient changes with temperature. 
Common reversed-phase columns (C18, C4, phenyl and cyano) have the potential to act as 
virtually inert surface suitable for the analysis of polymers by SEC. Alkyl-type bonded 
ligands such as C18 at high bonding density can only participate in weak dispersive 
interactions that are easily suppressed by an organic solvent. Other types of stationary 
phases may exhibit an ability to participate in additional, specific types of interactions, 
such as hydrogen bonding that involves interactions with residual silanols (as seen on the 
C4 column), π-π interactions that involve interactions with aromatic rings (phenyl 
ligands) or non-aromatic π electrons (cyano ligands), and polar interactions that involve 
interactions with polar groups of the stationary phase (cyano ligands). However, all these 
interactions can be suppressed by the majority of organic solvents.  
From the solvents studied, THF, chloroform, acetone and DMF provide the strongest 
interactions with alkyl chains and therefore can be used as a major component in the 
mobile phase. However, chloroform, acetone and DMF have high UV cutoffs and may 
not be suitable for the detection of polymers that only absorb UV at low wavelengths 
(e.g., PMMA). Thus, THF remains the solvent of choice as it is a strong solvent and is 
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preferentially adsorbed on the surface of non-polar and medium polarity stationary 
phases.  
The mobile phase plays an important role in the separation of polymers. It is possible to 
moderate the behavior of the solutes by modification of the mobile phase with a solvent 
that differs in strength from that of the major component (a mixture of a strong and a 
weak solvent). When mobile phase is in contact with the surface of the stationary phase, 
the solvents compete for the adsorption sites on the stationary phase and form a diffuse 
layer on the surface. The thickness of the stationary phase changes with mobile phase 
composition. It appears that this is related to the ability of the stationary phase to 
preferentially adsorb the stronger solvent and to the ability of a weaker solvent to change 
the conformation of the bonded ligands, e.g., from ordered state (extended with ligands 
aligned away from the silica substrate) to disordered, more dense state (folded, with 
ligands pointing towards the silica substrate). The effect of bonded ligands 
conformational changes can be appreciated to a higher extent if the ligands are of a 
sufficient length and/or bulkiness (e.g., C18, phenyl).  
For the C18 stationary phase, the Hildebrand solubility parameter can be used as a guide 
for the selection of a solvent to be used as a mobile phase modifier. The higher is the 
solubility parameter of a solvent, the weaker is its interaction with the C18 ligands, and 
the higher impact it makes on the stationary phase order. Solvents such as 2-propanol, 
ethanol, acetonitrile and methanol (in this order), change the order of the C18 ligands to a 
more dense configuration and thus increase the total pore volume of the column, which in 
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its turn increases resolution of the solutes. High concentrations of the weak solvents in 
the mobile phase (at or above 40%), however, can make the mobile phase a “poor” 
solvent or even “non-solvent” for the solutes and thus “push” them into the stationary 
phase, promoting non-SEC interactions and even solute precipitation. In addition to 
dispersive interactions, the C4 stationary phase can experience interactions of solvents 
with the residual silanols, which are less shielded by short C4 ligands than long C18, via 
hydrogen bonding. In this case, the Hildebrand solubility parameters can still be used as a 
guide for the selection of a weaker solvent, mobile phase modifier. However, selectivity 
factors, such as Kamlet-Taft solvatochromic parameters, should also be considered. 
Similarly, a phenyl stationary phase can participate in dispersive interactions, but also in 
hydrogen bonding and π-π interactions. Therefore, for the selection of solvents to be used 
as a mobile phase for the phenyl column, both Hildebrand solubility parameters and 
selectivity factors have to be considered. Finally, the medium polarity cyano stationary 
phase was found to be a more becomes a more complicated system, then the other 
stationary phases studied, as it is prone to dispersive, hydrogen bonding, π-π and 
polar/polarization interactions. For the selection of mobile phase solvents on the cyano 
column, Hildebrand solubility parameters, selectivity factors and even polar indices all 
should to be consulted. 
The use of binary mixtures that are comprised of a strong (“good”) and a weak (“poor”) 
solvent not only benefits the pore volume of the column, but also impacts the size of 
polymeric coils. When solvent and polymer solubility parameters are similar, solvent-
polymer interactions are favorable and a polymer experiences the highest degree of 
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solvation by the solvent - the polymer coil swells in “good” solvent. However, when a 
“good” solvent is used in a combination with a “poor” solvent, intermolecular polymer-
polymer interactions prevail and the polymer coil shrinks. Thus, when “poor” solvents, 
such as 2-propanol, ethanol, methanol and acetonitrile, are used in a combination with a 
“good” solvent, such as THF, polymer coils reduce in size. The benefit of the size 
reduction can be realized in resolution of solutes and an increase in a molar mass range 
for a column. The impact is three-fold, however: (i) change of the polymeric coil size, 
and possible shape, (ii) change of the stationary phase pore volume, and (iii) change in 
the solvated stationary phase properties as it may become “good” or “poor” solvent for 
the solutes. If the effect of this impact is properly moderated, then the greatest benefit of 
optimized solute resolution can be achieved. The solvent chosen as the mobile phase 
modifier should not only decrease solute size and increase column pore volume, but 
should also moderate the preferential solvation of the stationary phase to minimize the 
difference between the stationary phase environment and that in the bulk mobile phase. In 
other words, to decrease the solute’s phase preference that would allow exploration of the 
column’s pore volume to a higher extent. Furthermore, care should be taken not to make 
the pores too large and/or solutes too small. If the pores are too large, then the smaller 
solutes will co-elute and may elute at the total permeation volume as seen on the phenyl 
column with concentrations of methanol above 20% in the THF-based mobile phase. On 
the other hand, large pores provide better resolution for large molecules. 
Elution of polymers is governed by different types of interactions: solute-solvent, 
solvent-stationary phase, solvent-solvent, and solvated solute-solvated stationary phase. It 
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has been shown that when solvent, stationary phase and solute properties are carefully 
considered and appropriate conditions are selected, elution of polymeric solutes can be 
manipulated.  Solutes of the same molar mass but of different chemical composition (e.g., 
PS and PMMA) can be eluted at the same retention time. This feature is of interest 
because a single calibration plot can be constructed for the analysis of such polymers as 
PS and PMMA, studies in this work. This condition can be achieved on all RP stationary 
phases with the binary mixtures of THF and a modifier (acetonitrile, methanol, 2-
propanol, ethanol, acetone), with the exception of cyano stationary phase and such 
mobile phase modifiers as ethanol and 2-propanol. When separation of the same molar 
mass polymers that differ in chemical composition is desired, it can be achieved on all 
columns, but also it can be maximized when a binary mixture of THF and another solvent 
of a different strength is used in the mobile phase. 
While THF appears to be the most suitable solvent for mobile phase use in SEC on 
reversed-phase columns, its toxicity can be reduced by addition of such solvents as 2-
propanol, ethanol, acetonitrile and methanol that are “traditional HPLC” solvents. Binary 
mixtures of THF and a solvent that differs in solubility parameter from that of THF offers 
multiple benefits that were discussed above in detail. 
From a thermodynamic point of view, the SEC separation mechanism is temperature 
independent. However, temperature can influence a polymer’s solubility, solvent and 
polymer viscosity, and therefore, separation performance. This study demonstrates that 
while elution volumes of PS and PMMA solutes are affected by temperature and all 
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solutes elute earlier as the temperature increases, the SEC distribution coefficients are not 
impacted by the temperature increase from 10ºC to 60ºC to change the mechanism of 
separation. Thus, PS and PMMA solutes nearly always elute by the near-ideal SEC 
mechanism on the C18, C4, phenyl, and cyano columns in 100% THF and in binary THF 
mobile phases modified with other solvents, except for PMMA solutes in combination 
with the cyano column and alcohol-modified mobile phases that are prone to non-SEC 
interactions. These exceptional interactions of PMMA solutes and the cyano column are 
minimized when 100% THF or THF modified with acetonitrile mobile phases are used.  
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CHAPTER 4: ACCURACY OF MOLAR MASS DETERMINATIONS ON 
REVERSED-PHASE COLUMNS 
4.1. Introduction 
The determination of a molar mass and molar mass distribution (MMD) of a polymer of 
interest is the ultimate goal for a SEC analysis. Molar mass plays a critical role in 
characterization of polymeric materials and determines the mechanical, bulk, and solution 
properties. Information concerning these properties is essential to understanding polymer 
processing, end-use performance, and interactions with neighboring molecules [52]. 
Depending on the type of synthesis (a polymerization process) employed, the number and 
length (or mass) of the polymeric chains formed can vary. Most synthetic polymers are 
composed of hundreds to thousands of different molar mass chains of different lengths, 
and therefore possess a distribution of molar masses. Similarly to any statistical 
distribution, the molar mass distribution (MMD) is determined by a series of moments or 
statistical averages. For a discrete distribution of molar masses, an average molar mass 
can be described as [111]: 
   
     
 
     
         (4.1) 
where    is the number of ith molecules with molar mass   and   is a weighing factor 
that defines a specific average of MMD. The most frequently used molar mass averages 
(Figure 4.1) are the number-average        , weight-average        , and z-
average molar mass       . 
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Figure 4.1 An example of molar mass averages and distribution of a synthetic polymer.          
          ,            
        ,             
       ,              [12]. 
The weight    of molecules of molar mass   is [111]: 
            (4.2) 
Value of    is the statistical average molar mass of all the polymer chains in a sample 
[12]. The value of   accounts for the molar weight of a chain. Generally,   values are 
larger than   since calculations of   give more emphasis to the larger molecules, 
while   calculations give equal emphasis to all molecules [112]. Values of   can be 
obtained by osmotic measurements, vapor pressure methods or end-group determinations, 
whereas values of     can be obtained from light-scattering or ultracentrifugation 
experiments [68, 112]. The value of   describes higher molar mass species than   and 
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    do and can be determined by sedimentation in an ultracentrifuge [113]. It is equal to 
the ratio of the third to the second moments of the distribution. All,   ,    and    
values can be obtained by SEC [112, 113].    
Monodisperse polymers are said to have the same molar mass averages,        
   , but molar mass averages of polydisperse polymers differ in the following order: 
             (Figure 4.1). These values can be used to estimate polymeric 
properties. For example, processing characteristics, such as flex life and stiffness, can be 
assessed by   because of its location in a region of the MMD occupied by long chains; 
brittleness and flow properties can be assessed by   because it is located in a small-
molecule region of the MMD [13]; and   is related to the strength of the polymer as it 
is located in a region of high MMD [52]. The width of the distribution is determined from 
the ratio of       and is called polydispersity [52]. This distribution affects several 
important polymer properties, such as ability to crystallize and solidification temperature 
[112].       
SEC separates polymeric solutes on the basis of their hydrodynamic volume and their 
concentrations are detected as a function of time (Figure 1.5, A). The elution time is then 
converted to elution volume to obtain independence from the flow rate. The elution 
volume increases with decreasing size of a solute. The peak shape, or elution curve, of an 
eluted polymeric solute can be looked at as a profile of the MMD of this solute which can 
be used for relative comparisons. Such comparisons are valid only for profiles obtained 
under the same experimental conditions. Elution curves must be transformed into MMD 
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curves for wider comparisons under different experimental conditions [12]. In order to do 
this, molar mass information obtained by SEC is used to establish a calibration curve that 
relates elution volume to the molar mass of a solute (Figure 1.5, B). Because SEC is not 
an absolute but relative molar mass technique, SEC columns must be calibrated with 
polymer standards of known molar mass. Molar mass is used in the place of 
hydrodynamic volume due to its independence from temperature and solvent. 
There are various ways to calibrate the SEC experiment, but the most commonly used 
are: (i) calibration with narrow-MMD standards; (ii) universal calibration; and (iii) 
calibration with broad-MMD standards [114]. Calibration with narrow-MMD standards is 
quite precise and straightforward, but limited by the availability of well-characterized 
narrow-MMD standards. Also, because molar mass values of these standards are 
experimentally obtained by independent physical methods, the assigned values include 
errors and may not be in agreement if obtained from different sources (manufacturers) 
[52]. Because of limited availability of narrow-MMD standards, calibration curves can be 
constructed using available standards, such as PS, and molar mass of a different 
chemistry (or architecture e.g., the spacial orientation of side groups on the main chain) 
polymer calculated as PS-equivalent. Problems associated with this type of approach led 
to the development of the universal calibration method. This method utilizes the concept 
of the hydrodynamic volume of polymer molecules, which can be expressed in terms of 
the product of the molar mass, , and the intrinsic viscosity,    . Instead of     , 
        versus elution volume is plotted to construct calibration curves with narrow-
MMD standards [115]. These plots for different types of polymers merge into a single 
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curve [52]. The intrinsic viscosity used in the plots is an experimental quantity obtained 
by measuring viscosity of a polymer solution, and is a function of the solvent and 
temperature. When only broad standards are available, they still can be used for 
calibration, but their MMD must be accurately known (which is a rare case) and 
instrumental peak broadening must be accounted for [12, 114]. 
All calibration methods have errors associated with them that affect the accuracy of 
determination of the molar mass averages and distribution. In this work, the accuracy of 
the molar mass determination by SEC on reversed-phase columns using narrow-MMD 
calibration method is examined. Because PS and PMMA polymers are the most 
commonly used for calibration, well-characterized standards of these polymers are used 
in the experiments. 100% THF mobile phase and THF mobile phase modified with 
methanol and acetonitrile in the ratio of 70/30 (v/v) were chosen to carry out the SEC 
experiments because these solvents are most commonly used in HPLC and because, as 
seen in Chapters 2 and 3, methanol and acetonitrile modifiers provide the greatest 
selectivity in terms of the polymeric solutes’ resolution. 
4.2. Theory 
In the direct standard calibration method, narrow-MMD standards of the polymer of 
interest are used. The elution volume at the peak maximum of each standard is correlated 
with its known molar mass. A sufficient number of standards must be used to cover the 
entire dynamic range of the column, or at least the range of molar masses to cover the 
147 
 
 
MMD of a sample [86]. A calibration curve of       versus elution volume is 
constructed and used to determine the molar mass of a sample. Due to logarithmic 
relationship, even small errors in elution volumes have a great effect on the accuracy of 
the determined molar mass. The calibration relationship must be established with a high 
accuracy and therefore the same polymer type at the same concentration and in the same 
solvent must be used [68]. 
A synthetic polymer is an assembly of molecules of different molar masses, therefore the 
molar mass of a polymer has to be expressed as an average. The two most commonly 
used molar mass averages are the number-average (   ) and the weight-average (   ) 
that are defined using equations (4.1) and (4.2) as: 
    
   
       
 
   
   
 
       
   
   (4.3) 
and  
    
     
   
 
      
  
       
    (4.4) 
where    is the weight of i molecules with molar mass  ;    is the number of ith 
molecules with molar mass   [52]. The ratio of   and   is polydispersity, which is a 
measure of the MMD dispersity,  : 
               (4.5) 
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Instrumental peak spreading and skewing are integral parts of band broadening, which 
has several consequences to the accuracy of the molar mass information obtained by SEC 
[114]. Yau et al. [116] determined that molar mass results are subject to errors. These 
errors were minimal for the so called GPCV2 method, a linear calibration method which 
compensated for the chromatographic dispersion. The instrumental peak broadening is 
approximated by a standard deviation,  , and is assumed to be independent of elution 
volume. The molar mass errors were large for the peak position method. These errors 
came from the sample molar mass calculations, which were caused by the instrumental 
peak broadening of the sample elution curves, rather than from the calibration step itself. 
This is because the calibration curve obtained by the peak position method is not affected 
by instrumental peak broadening [12, 68].  
Although it is recognized that GPCV2 is an accurate method, and even an extension to 
this method has been made as another variant, called GPCV3 [117], which takes into 
account the skewing of the elution curve, an application of the correction for band 
broadening is outside of the scope of this thesis. Employing sufficiently good 
experimental practices and low-dispersion chromatography instruments would be a better 
approach to obviate the need for band spreading corrections all together. As discussed in 
Chapter 3, the main contributor to band broadening is the eddy diffusion term for small 
molecules, and the mass transfer term for large molecules, due to low diffusion 
coefficient. Thus, peak dispersion in SEC can be minimized by using uniformly packed 
small particle columns and operating close to their optimum mobile phase velocity. In 
order to avoid peak skewing, care should be taken not to load excessive concentrations of 
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polymers onto the stationary phase [114]. Finally, non-SEC interactions of polymers with 
the stationary phase must be minimized in order to ensure that the eluting peaks are free 
from skewing and tailing. 
4.3. Experimental 
4.3.1. Materials 
ACN was purchased from EMD Millipore Chemicals (Billerica, MA, USA), and 
unstabilized THF and MeOH were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Shodex polystyrene (PS) standards were purchased from Waters (Milford, MA, USA), 
and Agilent poly(methyl methacrylate) (PMMA) standards were obtained from Neta 
Scientific, Inc. (Hainesport, NJ, USA). The molar mass polydispersities of all PS 
standards were ≤ 1.12, and all PMMA standards ≤ 1.23. Molar mass values and 
polydispersities were determined by the manufacturers (Table 4.1 and Table 4.2). 
Table 4.1 Molar mass values for PMMA standards reported on Agilent certificate of analysis 
GPC/SEC Light Scattering 
Mp Mn Mw Mw/Mn Mw 
550 520 640 1.23 - 
1860 1580 1740 1.10 1520 
3070 2680 2930 1.09 2800 
4950 4350 4840 1.11 4490 
7360 6420 7050 1.10 6840 
10570 10040 10420 1.04 10610 
20310 19410 20030 1.03 20700 
30620 29820 30610 1.03 31380 
46890 44610 45730 1.03 47460 
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Table 4.2 Molar mass values for PS standards reported on Shodex certificate of analysis 
GPC/SEC Light Scattering 
Mp Mn Mw Mw/Mn Mw 
580 530 600 1.12 800 
780 740 820 1.10 1060 
1270 1190 1260 1.06 1400 
2340 2240 2340 1.04 2530 
2780 2640 2750 1.04 3300 
3790 3690 3810 1.03 4370 
6770 6600 6760 1.02 7640 
7350 7130 7320 1.03 7660 
10700 10500 10800 1.02 11350 
13000 12800 13100 1.02 13400 
19500 19100 19700 1.03 20500 
20000 19700 20200 1.02 19900 
51200 49500 50600 1.02 50200 
126000 119000 124000 1.04 127000 
282000 265000 279000 1.05 267000 
791000 731000 768000 1.05 726000 
1640000 1460000 1540000 1.06 1510000 
2580000 2190000 2350000 1.07 2420000 
 
4.3.2. HPLC 
An Agilent Series 1260 liquid chromatograph (Agilent Technologies, Santa Clara, CA, 
USA) that consisted of a degasser (G1322A), a column thermostat (G1316C), a binary 
pump (G1312B) able to handle a maximum backpressure of 600 bar, an autosampler 
(G1367E), and an ultraviolet-visible diode array detector (UV DAD) (G4212B) set at 260 
nm for the detection of PS and at 230 nm for the detection of PMMA was employed in 
this portion of the study. One microliter (1 µL) volumes of toluene, PS and PMMA 
standards were injected into the chromatographic systems, and eluted isocratically on the 
columns listed in Table 3.3. Note that the columns (stationary phases) regarded in the text 
as phenyl and cyano are actually phenylpropyl and cyanopropyl, respectively, and were 
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thermostatted to 30°C. The mobile phases used were 100% THF and THF modified with 
MeOH and ACN in the ratio of 70/30 (v/v) THF/solvent, using on-line solvent mixing. 
Separations were carried out at a flow rate of 0.30 mL/min. The chromatographic system 
was controlled and the data were acquired through a PC running 2010 Pro Empower 3 
software, version 7.20.00.00 (Waters, Milford, MA, USA). 
4.3.3. Standard Preparation 
All PS standards were prepared in THF at a nominal concentration of 1 mg/mL, and most 
PMMA standards were prepared in THF at 3 mg/mL, except   20,310; 30,620; and 
46,890 which were prepared at 1 mg/mL concentration, by dissolving approximately 10 
mg (or 30 mg) of PS or PMMA in 10.0 mL of THF. The solutions were shaken manually 
and allowed to equilibrate overnight. The toluene solution was prepared by diluting 10 
µL of toluene to 10.0 mL with THF.  
4.3.4. Sample Preparation 
PS samples were prepared using standards listed in Table 4.2 in the following manner: PS 
1 – a mixture of standards was prepared by weighing 4.31 mg of molar mass,  , (g/mol) 
2,340; 2.45 mg of   2,780; and 4.30 mg of   3,790; and dissolving in 10.0 mL of 
THF; PS 2 –a single standard   3,790 was prepared by weighing approximately 10 mg 
and dissolving in 10.0 mL of THF;  PS 3 – a mixture of standards was prepared by 
weighing 2.89 mg of   6,770 and 7.71 mg of   7,350; and dissolving in 10.0 mL of 
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THF; PS 4 – a single   7,350 was prepared by weighing approximately 10 mg and 
dissolving in 10.0 mL of THF; PS 5 - a mixture of standards was prepared by weighing 
3.14 mg of   19,500 and 8.26 mg of   20,000 and dissolving in 10.0 mL of THF; PS 
6 – a single standard   20,000 was prepared by weighing approximately 10 mg and 
dissolving in 10.0 mL of THF; PS 7 – a single standard   51,200 was prepared by 
weighing approximately 10 mg and dissolving in 10.0 mL of THF; PS 8 – a single 
standard   126,000 was prepared by weighing approximately 10 mg and dissolving in 
10.0 mL of THF. 
PMMA samples were prepared using standards listed in Table 4.1 in the following 
manner: PMMA 1 - a mixture of standards was prepared by weighing 31.90 mg of molar 
mass,  , (g/mol) 3,070; 36.22 mg of   4,950; and 32.75 mg of   7,360; and 
dissolving in 10.0 mL of THF; PMMA 2 - a single   7,360 was prepared by weighing 
approximately 30 mg and dissolving in 10.0 mL of THF. 
The solutions were shaken manually and allowed to equilibrate overnight. 
4.4. Results and Discussion 
Plots of       versus elution volume were constructed for relatively monodisperse PS 
standards (   580; 780; 1,270; 2,780; 7,350; 10,700; 13,000; 20,000; 51,200; 126,000; 
282,000; 791,000; 1,640,000; and 2,580,000 – listed in Table 4.2) and PMMA (   550; 
1,860; 3,070; 4,950; 7,360; 10,570; 20,310; 30,620; and 46,890 – listed in Table 4.1) for 
each column and mobile phase set. Triplicate injections were made for all standards and 
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all elution volume data generated were used in these plots without averaging, with the 
exception of the data generated on C18 column using 70/30 (v/v) THF/MeOH mobile 
phase where only single injections of each standard were made. The second- and third-
order polynomials were fitted to the data points. Equations and their coefficients of 
determination are listed in Table 4.3. 
Depending on the expected molar mass of a sample, a different range of the calibration 
curve was used for the molar mass determinations in samples. For the quantitation of PS 
samples 1 and 2, a calibration curve in the range of   2,780 – 51,200 was used, as 
depicted in the example Figure 4.2 for the C18 column using 70/30 (v/v) THF/ACN 
mobile phase (calibration curves on the other columns and with the other mobile phases 
were similar and therefore are not shown). For the quantitation of PS samples 3 through 
8, a calibration curve in the range of   7,350 – 282,000 was used, as depicted in the 
example Figure 4.3 for the C18 column using 70/30 (v/v) THF/ACN mobile phase 
(calibration curves on the other columns and with the other mobile phases were similar 
and therefore are not shown).  
Similarly, for the quantitation of PMMA samples, a calibration curve in the range of   
3,070 - 46,890 was used, as depicted in the example Figure 4.4 for the C18 column using 
70/30 (v/v) THF/ACN mobile phase (calibration curves on the other columns and with 
the other mobile phases were similar and therefore are not shown).  
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Table 4.3 Equations for PS and PMMA calibration curves. Instrumentation: Agilent 1260 with a diode 
array absorbance detector set to 260 nm for PS polymers and to 230 nm for PMMA polymers.  Other 
conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 30˚C 
(thermostatted). *Calibration ranges: PS Mp 2,780 – 51,200 (6 standards, 3 injections each, total 18 data 
points); PMMA Mp 3,070 – 46,890 (7 standards, 3 injections each, total 21 data points); **Calibration 
range: PS Mp 7,350 – 282,000 (7 standards, 3 injections each, total 21 data points); *** Calibration ranges: 
PS Mp 2,780 – 51,200 (6 standards, 1 injection each, total 6 data points); PMMA Mp 3,070 – 46,890 (7 
standards, 1 injection each, total 7 data points); ****Calibration range: PS Mp 7,350 – 282,000 (7 
standards, 1 injection each, total 7 data points). 
Column *Analyte 
100% THF Mobile Phase 
70/30 THF/ACN Mobile 
Phase 
70/30 THF/MeOH Mobile 
Phase 
Equation R2 Equation R2 Equation R2 
C18 
PS 
y = -2.6463x2 + 
4.717x + 2.7811 
0.9982 y = -3.221x2 + 
6.9354x + 1.0631 
0.9978 ***y = -3.2973x2 + 
7.0508x + 1.0404 
0.9982 
**PS 
y = -8.2307x3 + 
31.036x2 - 40.844x 
+ 23.133 
0.9989 y = -5.5656x3 + 
21.651x2 - 29.784x 
+ 18.957 
0.9996 ****y = -5.8151x3 + 
22.515x2 - 30.83x + 
19.408 
0.9997 
PMMA y = -3.1943x2 + 
6.347x + 1.6324 
0.9985 y = -3.1542x2 + 
6.4568x + 1.4625 
0.9986 ***y = -3.4857x2 + 
7.3935x + 0.8374 
0.9985 
C4 
PS 
y = -2.3653x2 + 
4.7191x + 2.4782 
0.9977 y = -3.2699x2 + 
7.992x - 0.1327 
0.9967 y = -3.2084x2 + 
7.6603x + 0.1963 
0.9971 
**PS 
y = -5.3866x3 + 
21.549x2 - 30.326x 
+ 19.411 
0.9990 y = -3.9571x3 + 
16.196x2 - 23.574x 
+ 16.73 
0.9998 y = -4.094x3 + 
16.677x2 - 24.202x 
+ 17.028 
0.9997 
PMMA y = -2.7524x2 + 
5.9853x + 1.5014 
0.9982 y = -2.7775x2 + 
6.2023x + 1.2753 
0.9982 y = -3.0655x2 + 
7.1049x + 0.615 
0.9982 
Phenyl 
PS 
y = -2.7711x2 + 
5.9636x + 1.5776 
0.9972 y = -3.9852x2 + 
10.174x - 1.7648 
0.9954 y = -4.9976x2 + 
13.611x - 4.5538 
0.9950 
**PS 
y = -4.8734x3 + 
19.318x2 - 
27.068x + 17.856 
0.9993 y = -3.9163x3 + 
15.78x2 - 22.639x 
+ 16.151 
0.9999 y = -3.814x3 + 
15.399x2 - 22.124x 
+ 15.983 
1.0000 
PMMA y = -3.2394x2 + 
7.5746x + 0.2909 
0.9977 y = -3.3085x2 + 
7.9852x - 0.1168 
0.9973 y = -3.9744x2 + 
10.188x - 1.8452 
0.9967 
Cyano 
PS 
y = -2.3795x2 + 
4.552x + 2.6831 
0.9979 y = -2.7281x2 + 
5.6358x + 1.9204 
0.9980 y = -2.8117x2 + 
5.9076x + 1.7319 
0.9981 
**PS 
y = -6.0021x3 + 
23.831x2 - 33.247x 
+ 20.665 
0.9992 y = -5.5225x3 + 
22.008x2 - 30.969x 
+ 19.8 
0.9995 y = -5.3172x3 + 
21.261x2 - 30.109x 
+ 19.524 
0.9996 
PMMA y = -2.924x2 + 
6.5181x + 1.1096 
0.9979 y = -2.8401x2 + 
6.2716x + 1.2804 
0.9980 y = -3.2333x2 + 
7.5509x + 0.3161 
0.9978 
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Figure 4.2 Calibration plot for a C18 column using toluene (green data point) and PS standards (Mp 580; 
780; 1,270; 2,780; 7,350; 10,700; 13,000; 20,000; 51,200; 126,000; 282,000; 791,000, 1,640,00 and 
2,580,000) (blue data points) using 70/30 (v/v) THF/ACN mobile phase. A second-order polynomial curve 
is fitted only for the PS range between Mp 2,780 and 51,200 (blue data points outlined in red). 
Instrumentation: Agilent 1260 with a diode array detector set to 260 nm. Other conditions: injection 
volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 30˚C. 
 
Figure 4.3 The same calibration plot as in Figure 4.2. A third-order polynomial curve is fitted only for the 
PS range between Mp 7,350 and 282,000 (blue data points outlined in red).  
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Figure 4.4 Calibration plot on a C18 column using toluene (green data point) and PMMA standards (Mp 
550; 1,860; 3,070; 4,950; 7,360; 10,570; 20,310; 30,620; and 46,890) (blue data points) using 70/30 (v/v) 
THF/ACN mobile phase. A second-order polynomial curve is fitted only for the PMMA range between Mp 
3,070 and 46,890 (blue data points outlined in red). Instrumentation: Agilent 1260 with a diode array 
detector set to 230 nm. Other conditions are as in Figure 4.2. 
PS and PMMA samples were injected into the chromatographic system in triplicate for 
the combination of the C18 column and 100% THF, the C18 column and 70/30 (v/v) 
THF/ACN mobile phases, and for the combinations of the phenyl column and all mobile 
phases used. An average of the three results was determined. A single injection of each 
sample was made for all other combinations of columns and mobile phases. Molar mass 
results (and MMD) were calculated using GPC software within the Empower 3 software 
(see example in Figure 4.5). In addition, manual calculations were performed using the 
procedure described in reference [52] to verify the results (see example in Figure 4.6). 
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Figure 4.5 Example of molar mass (Mn, Mw, Mz and Mz+1) and MMD distribution (dwt/d(LogM) and 
cumulative %) results calculated using Empower 3 GPC software for PS sample 1 injected in triplicate onto 
the C18 column and eluted with 70/30 v/v THF/ACN mobile phase. Instrumentation and other conditions 
are as in Figure 4.2. 
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Figure 4.6 Example of molar mass (Mn and Mw) results calculated manually for PS sample 1 injected in 
triplicate onto the C18 column and eluted with 70/30 v/v THF/ACN mobile phase. Instrumentation and 
other conditions are as in Figure 4.2. 
No corrections for band broadening, nor for other experimental conditions (e.g., extra 
column peak broadening, peak skewing, resulting from  non-SEC interactions, packing 
inhomogeneity – microscopic flow irregularities, excessive extracolumn volume, eddy 
dispersion – multiple routes through the packing, mobile-phase mass transfer process – 
velocity gradient profile within a single flow stream, stationary-phase mass transfer – 
slow solute diffusion in and out of the pores, longitudinal diffusion – axial dispersion; 
and column overloading) were applied to the results. Experimental results thus obtained 
are reported in Tables 4.4 – 4.6. The experimental polydispersity (     ) was 
calculated using equation (4.5), and the results are shown in Table 4.7. The   and    
values (GPC/SEC) determined by the manufacturers were treated as theoretical molar 
mass values. These values were taken directly from the certificates of analysis (COA) and 
used for the comparison with the experimental results, as tabulated in Tables 4.4 – 4.7 
5
.2
9
9
5
.3
1
6
5
.3
4
4
5
.3
6
5
5
.3
9
7
5
.4
2
3
5
.4
4
9
5
.4
7
6
5
.5
0
1 5
.5
2
8 5
.5
5
0
5
.5
7
5
5
.6
0
1
5
.6
2
5 5
.6
5
0 5
.6
7
5
5
.7
0
0
5
.7
2
5
5
.7
5
1
5
.7
5
1
5
.7
7
3
5
.7
9
8
5
.8
2
7
5
.8
5
0
5
.8
7
5
5
.8
9
8
5
.9
2
3
5
.9
4
9
5
.9
7
4
6
.0
0
0
6
.0
2
6
6
.0
5
0
6
.0
6
9
A
U
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0.020
0.022
0.024
Minutes
5.20 5.40 5.60 5.80 6.00 6.20 6.40
      
2770 3050 
 
159 
 
 
(Note: light scattering   values determined by manufacturers are listed in the table for 
information only). For the mixed samples (e.g., PS 1, PS 3, PS 5, and PMMA 1), 
theoretical values were calculated using weight concentration and molar mass   from 
the COA (Table 4.1 and Table 4.2) using equations (4.3) and (4.4). For example, PS 1 is 
a mixture of 4.31 mg of standard   2,340; 2.45 mg of standard   2,780; and 4.30 mg 
of standard   3,790. Theoretical   for PS 1 was calculated as follows: (4.31 x 2,340 + 
2.45 x 2,750 + 4.30 x 3,810)/(4.31 + 2.45 + 4.30) = 3,002. Similarly, theoretical   for 
PS 1 was calculated as follows: (4.31 + 2.45 + 4.30)/(4.31/2,340 + 2.45/2,750 + 4.30/ 
3,810) = 2,864.  
Experimentally determined average molar mass values (   and  ) were compared to 
the theoretical molar mass values using relative % error. Errors were calculated as 
follows:  
              
                                    
                
         (4.6) 
and 
              
                                   
                
        (4.7) 
Average % error was calculated using equation below. 
                 
                             
 
   (4.8) 
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All results are presented in Tables 4.4 – 4.6. Absolute values of % error are used to 
calculate average % error in the same way as in reference [116] for an easy assessment. 
From Tables 4.4 – 4.6, it is seen that, in general, the error in   contributes to the 
average % error to a larger extent than the error in  . The errors thus obtained 
demonstrate very small deviations of experimental molar masses values from theoretical 
for all columns with all mobile phases used. Note that in addition to the errors in the 
values that were taken as theoretical, which were assumed to be absolute (without errors), 
the errors in Tables 4.4 – 4.6 are caused by the summation of all error-producing effects 
(i.e., connecting tubing, column and detector dispersion, peak skewing, detector noise, 
etc.). The largest errors are seen for the C18 column with 100% THF mobile phase. 
Modification of the THF mobile phase with such organic solvents as acetonitrile and 
methanol significantly reduces the error. The smallest errors are seen on the phenyl 
column, which are similar for all compositions of the mobile phase used.  
Experimental polydispersity results are in a good agreement, with relative errors ≤ 5% for 
each sample for all column and mobile phase combinations, except the PMMA 1 sample 
on the C18 and on the C4 column with all mobile phases, where the relative error is ≤ 8% 
(Table 4.7). Experimental results are slightly, but systematically, higher than theoretical, 
but are almost the same for such samples as PMMA2, PS 4-8, with the exception of PS 8 
sample on C4 column using 100% THF mobile phase, where the experimental result is 
slightly higher than theoretical.  
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Table 4.4 Molar mass theoretical values and experimental results, calculated using Empower 3 GPC software, and 
calculated % error for 100% THF mobile phase. PS 1 - a mix of 4.31 mg of Mp 2,340; 2.45 mg of Mp 2,780; and 4.30 
mg of Mp 3,790; PS 2 – Mp 3,790; PS 3 - a mix of 2.89 mg of Mp 6,770 and 7.71 mg of Mp 7,350; PS 4 - Mp 7,350; 
PS 5 - a mix of 3.14 mg of Mp 19,500 and 8.26 mg of Mp 20,000; PS 6 - Mp 20,000; PS 7 -  Mp 51,200; PS 8 - Mp 
126,000; PMMA 1 - a mix of 31.90 mg of Mp 3,070; 36.22 mg of Mp 4,950; and 32.75 mg of Mp 7,360; PMMA 2 - 
Mp 7,360. Results for PS 1 and 2 calculated using PS calibration curves in the range of Mp 2,780 – 51,200; results for 
PMMA 1 and 2 calculated using PMMA calibration curves in the range of Mp 3,070 – 46,890; results for PS 3-8 
calculated using PS calibration curves in the range of Mp 7,350 – 282,000. 1Triplicate injections of each sample were 
made; 2Single injections of each sample were made.  
C
o
lu
m
n
 
Sample 
ID 
Theoretical 
Light 
Scattering 
Mw 
Theoretical 
GPC/SEC 
100% THF Mobile Phase 
Experimental % Error Average 
% Error Mw Mn Mw Mn Mw Mn 
1
C
1
8
 
PS 1 - 3002 2864 2958 2697 -1.47 -5.83 4 
PS 2 4370 3810 3690 3640 3458 -4.46 -6.29 5 
PMMA 1 - 4953 4383 4965 4036 0.24 -7.92 4 
PMMA 2 6840 7050 6420 6913 6195 -1.94 -3.50 3 
PS 3 - 7167 7158 6741 6374 -5.94 -10.95 8 
PS 4 7660 7320 7130 6879 6513 -6.02 -8.65 7 
PS 5 - 20062 20060 19614 19200 -2.23 -4.29 3 
PS 6 19900 20200 19700 19558 19099 -3.18 -3.05 3 
PS 7 50200 50600 49500 46798 46125 -7.51 -6.82 7 
PS 8 127000 124000 119000 126662 120134 2.15 0.95 2 
2
C
4
 
PS 1 - 3002 2864 3017 2803 0.50 -2.13 1 
PS 2 4370 3810 3690 3740 3612 -1.84 -2.11 2 
PMMA 1 - 4953 4383 5018 4209 1.31 -3.97 3 
PMMA 2 6840 7050 6420 6941 6227 -1.55 -3.01 2 
PS 3 - 7167 7158 6936 6702 -3.22 -6.37 5 
PS 4 7660 7320 7130 7055 6813 -3.62 -4.45 4 
PS 5 - 20062 20060 19874 19588 -0.94 -2.35 2 
PS 6 19900 20200 19700 19865 19557 -1.66 -0.73 1 
PS 7 50200 50600 49500 47392 46859 -6.34 -5.34 6 
PS 8 127000 124000 119000 126128 116884 1.72 -1.78 2 
1
P
h
en
y
l 
PS 1 - 3002 2864 3058 2859 1.87 -0.17 1 
PS 2 4370 3810 3690 3752 3632 -1.52 -1.57 2 
PMMA 1 - 4953 4383 5095 4309 2.87 -1.69 2 
PMMA 2 6840 7050 6420 6964 6328 -1.22 -1.43 1 
PS 3 - 7167 7158 6995 6779 -2.40 -5.29 4 
PS 4 7660 7320 7130 7159 6951 -2.20 -2.51 2 
PS 5 - 20062 20060 20001 19715 -0.30 -1.72 1 
PS 6 19900 20200 19700 20103 19841 -0.48 0.72 1 
PS 7 50200 50600 49500 48010 47643 -5.12 -3.75 4 
PS 8 127000 124000 119000 127558 123349 2.87 3.65 3 
2
C
y
an
o
 
PS 1 - 3002 2864 3065 2804 2.10 -2.09 2 
PS 2 4370 3810 3690 3800 3625 -0.26 -1.76 1 
PMMA 1 - 4953 4383 5016 4258 1.27 -2.85 2 
PMMA 2 6840 7050 6420 7050 6373 0.00 -0.73 0 
PS 3 - 7167 7158 7044 6739 -1.72 -5.85 4 
PS 4 7660 7320 7130 7170 6878 -2.05 -3.53 3 
PS 5 - 20062 20060 19828 19465 -1.17 -2.97 2 
PS 6 19900 20200 19700 20007 19667 -0.96 -0.17 1 
PS 7 50200 50600 49500 47964 47267 -5.21 -4.51 5 
PS 8 127000 124000 119000 126530 120142 2.04 0.96 1 
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Table 4.5 Molar mass theoretical values and experimental results, calculated using Empower 3 GPC 
software, and calculated % error for 70/30 THF/ACN mobile phase. Samples as described in Table 4.4. 
1
Triplicate injections of each sample were made; 
2
Single injections of each sample were made.  
C
o
lu
m
n
 
Sample 
ID 
Theoretical 
Light 
Scattering 
Mw 
 70/30 THF/Acetonitrile Mobile Phase 
Theoretical 
GPC/SEC 
Experimental % Error Average 
% Error 
Mw Mn Mw Mn Mw Mn 
1
C
1
8
 
PS 1 - 3002 2864 3059 2818 1.90 -1.61 2 
PS 2 4370 3810 3690 3728 3575 -2.15 -3.12 3 
PMMA 1 - 4953 4383 5086 4202 2.69 -4.13 3 
PMMA 2 6840 7050 6420 6951 6167 -1.40 -3.94 3 
PS 3 - 7167 7158 6962 6692 -2.86 -6.51 5 
PS 4 7660 7320 7130 7082 6813 -3.25 -4.45 4 
PS 5 - 20062 20060 19982 19635 -0.40 -2.12 1 
PS 6 19900 20200 19700 19897 19514 -1.50 -0.94 1 
PS 7 50200 50600 49500 48470 48064 -4.21 -2.90 4 
PS 8 127000 124000 119000 124226 119769 0.18 0.65 0 
2
C
4
 
PS 1 - 3002 2864 3140 2934 4.60 2.44 4 
PS 2 4370 3810 3690 3796 3635 -0.37 -1.49 1 
PMMA 1 - 4953 4383 5117 4317 3.31 -1.51 2 
PMMA 2 6840 7050 6420 7023 6371 -0.38 -0.76 1 
PS 3 - 7167 7158 7148 6936 -0.27 -3.10 2 
PS 4 7660 7320 7130 7325 7122 0.07 -0.11 0 
PS 5 - 20062 20060 20095 19756 0.16 -1.52 1 
PS 6 19900 20200 19700 20149 19802 -0.25 0.52 0 
PS 7 50200 50600 49500 49081 48626 -3.00 -1.77 2 
PS 8 127000 124000 119000 124720 120998 0.58 1.68 1 
1
P
h
en
y
l 
PS 1 - 3002 2864 3082 2870 2.66 0.21 1 
PS 2 4370 3810 3690 3727 3589 -2.18 -2.74 2 
PMMA 1 - 4953 4383 5090 4315 2.77 -1.55 2 
PMMA 2 6840 7050 6420 6916 6250 -1.90 -2.65 2 
PS 3 - 7167 7158 7130 6930 -0.52 -3.19 2 
PS 4 7660 7320 7130 7205 7009 -1.57 -1.70 2 
PS 5 - 20062 20060 19974 19605 -0.44 -2.27 1 
PS 6 19900 20200 19700 19970 19634 -1.14 -0.34 1 
PS 7 50200 50600 49500 49429 49104 -2.31 -0.80 2 
PS 8 127000 124000 119000 123710 121199 -0.23 1.85 1 
2
C
y
an
o
 
PS 1 - 3002 2864 3078 2808 2.53 -1.96 2 
PS 2 4370 3810 3690 3744 3557 -1.73 -3.60 3 
PMMA 1 - 4953 4383 5066 4256 2.28 -2.90 3 
PMMA 2 6840 7050 6420 6956 6173 -1.33 -3.85 3 
PS 3 - 7167 7158 6983 6651 -2.57 -7.08 5 
PS 4 7660 7320 7130 7144 6824 -2.40 -4.29 3 
PS 5 - 20062 20060 19860 19473 -1.01 -2.93 2 
PS 6 19900 20200 19700 19910 19495 -1.44 -1.04 1 
PS 7 50200 50600 49500 47890 47249 -5.36 -4.55 5 
PS 8 127000 124000 119000 124894 119662 0.72 0.56 1 
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Table 4.6 Molar mass theoretical values and experimental results, calculated using Empower 3 GPC 
software, and calculated % error for 70/30 THF/MeOH mobile phase. Samples as described in Table 4.4. 
1
Single injections of each sample were made using all mobile phases; 
2
Triplicate injections of each sample 
were made. 
C
o
lu
m
n
 
Sample 
ID 
Theoretical 
Light 
Scattering 
Mw 
 70/30 THF/Methanol Mobile Phase 
Theoretical 
GPC/SEC 
Experimental % Error Average 
% Error 
Mw Mn Mw Mn Mw Mn 
1
C
1
8
 
PS 1 - 3002 2864 3009 2748 0.23 -4.05 2 
PS 2 4370 3810 3690 3765 3594 -1.18 -2.60 2 
PMMA 1 - 4953 4383 5101 4169 2.99 -4.88 4 
PMMA 2 6840 7050 6420 7000 6261 -0.71 -2.48 2 
PS 3 - 7167 7158 6875 6584 -4.07 -8.02 6 
PS 4 7660 7320 7130 7093 6811 -3.10 -4.47 4 
PS 5 - 20062 20060 19804 19405 -1.29 -3.27 2 
PS 6 19900 20200 19700 19877 19446 -1.60 -1.29 1 
PS 7 50200 50600 49500 48125 47535 -4.89 -3.97 4 
PS 8 127000 124000 119000 123879 119790 -0.10 0.66 0 
1
C
4
 
PS 1 - 3002 2864 3020 2785 0.60 -2.76 2 
PS 2 4370 3810 3690 3740 3603 -1.84 -2.36 2 
PMMA 1 - 4953 4383 5027 4170 1.49 -4.86 3 
PMMA 2 6840 7050 6420 7192 6593 2.01 2.69 2 
PS 3 - 7167 7158 6999 6776 -2.34 -5.34 4 
PS 4 7660 7320 7130 7151 6934 -2.31 -2.75 3 
PS 5 - 20062 20060 19908 19547 -0.77 -2.56 2 
PS 6 19900 20200 19700 19979 19648 -1.09 -0.26 1 
PS 7 50200 50600 49500 48634 48170 -3.89 -2.69 3 
PS 8 127000 124000 119000 122710 118215 -1.04 -0.66 1 
2
P
h
en
y
l 
PS 1 - 3002 2864 3157 2961 5.16 3.39 4 
PS 2 4370 3810 3690 3789 3619 -0.55 -1.92 1 
PMMA 1 - 4953 4383 5121 4329 3.39 -1.23 2 
PMMA 2 6840 7050 6420 6960 6265 -1.28 -2.41 2 
PS 3 - 7167 7158 7284 7064 1.63 -1.31 1 
PS 4 7660 7320 7130 7409 7202 1.22 1.01 1 
PS 5 - 20062 20060 20085 19776 0.11 -1.42 1 
PS 6 19900 20200 19700 20085 19713 -0.57 0.07 0 
PS 7 50200 50600 49500 50612 50285 0.02 1.59 1 
PS 8 127000 124000 119000 120919 118090 -2.48 -0.76 2 
1
C
y
an
o
 
PS 1 - 3002 2864 3111 2838 3.63 -0.91 2 
PS 2 4370 3810 3690 3817 3630 0.18 -1.63 1 
PMMA 1 - 4953 4383 5083 4289 2.62 -2.14 2 
PMMA 2 6840 7050 6420 7042 6347 -0.11 -1.14 1 
PS 3 - 7167 7158 7118 6814 -0.68 -4.81 3 
PS 4 7660 7320 7130 7214 6909 -1.45 -3.10 2 
PS 5 - 20062 20060 20020 19638 -0.21 -2.10 1 
PS 6 19900 20200 19700 20072 19732 -0.63 0.16 0 
PS 7 50200 50600 49500 48720 48222 -3.72 -2.58 3 
PS 8 127000 124000 119000 125725 120996 1.39 1.68 2 
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Table 4.7 Polydispersity (Mw/Mn) theoretical values and experimental results calculated from the data 
listed in Table 4.4 – Table 4.6. 
Column Sample 
ID 
 100% THF Mobile 
Phase 
70/30 THF/ACN 
Mobile Phase 
70/30 THF/MeOH 
Mobile Phase 
Theoretical 
(GPC/SEC) 
Experimental 
Mw/Mn Mw/Mn % Error Mw/Mn % Error Mw/Mn % Error 
C18
 
PS 1 1.05 1.10 4.55 1.09 3.67 1.09 3.67 
PS 2 1.03 1.05 1.90 1.04 0.96 1.05 1.90 
PMMA 1 1.13 1.23 8.13 1.21 6.61 1.22 7.38 
PMMA 2 1.10 1.12 1.79 1.13 2.65 1.12 1.79 
PS 3 1.00 1.06 5.66 1.04 3.85 1.04 3.85 
PS 4 1.03 1.06 2.83 1.04 0.96 1.04 0.96 
PS 5 1.00 1.02 1.96 1.02 1.96 1.02 1.96 
PS 6 1.02 1.02 0.00 1.02 0.00 1.02 0.00 
PS 7 1.02 1.01 -0.99 1.01 -0.99 1.01 -0.99 
PS 8 1.04 1.05 0.95 1.04 0.00 1.03 -0.97 
C4
 
PS 1 1.05 1.08 2.78 1.07 1.87 1.08 2.78 
PS 2 1.03 1.04 0.96 1.04 0.96 1.04 0.96 
PMMA 1 1.13 1.19 5.04 1.19 5.04 1.21 6.61 
PMMA 2 1.10 1.11 0.90 1.10 0.00 1.09 -0.92 
PS 3 1.00 1.03 2.91 1.03 2.91 1.03 2.91 
PS 4 1.03 1.04 0.96 1.03 0.00 1.03 0.00 
PS 5 1.00 1.01 0.99 1.02 1.96 1.02 1.96 
PS 6 1.02 1.02 0.00 1.02 0.00 1.02 0.00 
PS 7 1.02 1.01 -0.99 1.01 -0.99 1.01 -0.99 
PS 8 1.04 1.08 3.70 1.03 -0.97 1.04 0.00 
Phenyl 
PS 1 1.05 1.07 1.87 1.07 1.87 1.07 1.87 
PS 2 1.03 1.03 0.00 1.04 0.96 1.05 1.90 
PMMA 1 1.13 1.18 4.24 1.18 4.24 1.18 4.24 
PMMA 2 1.10 1.10 0.00 1.11 0.90 1.11 0.90 
PS 3 1.00 1.03 2.91 1.03 2.91 1.03 2.91 
PS 4 1.03 1.03 0.00 1.03 0.00 1.03 0.00 
PS 5 1.00 1.01 0.99 1.02 1.96 1.02 1.96 
PS 6 1.02 1.01 -0.99 1.02 0.00 1.02 0.00 
PS 7 1.02 1.01 -0.99 1.01 -0.99 1.01 -0.99 
PS 8 1.04 1.03 -0.97 1.02 -1.96 1.03 -0.97 
Cyano 
PS 1 1.05 1.09 3.67 1.10 4.55 1.10 4.55 
PS 2 1.03 1.05 1.90 1.05 1.90 1.05 1.90 
PMMA 1 1.13 1.18 4.24 1.19 5.04 1.19 5.04 
PMMA 2 1.10 1.11 0.90 1.13 2.65 1.11 0.90 
PS 3 1.00 1.05 4.76 1.05 4.76 1.04 3.85 
PS 4 1.03 1.04 0.96 1.05 1.90 1.04 0.96 
PS 5 1.00 1.02 1.96 1.02 1.96 1.02 1.96 
PS 6 1.02 1.02 0.00 1.02 0.00 1.02 0.00 
PS 7 1.02 1.01 -0.99 1.01 -0.99 1.01 -0.99 
PS 8 1.04 1.05 0.95 1.04 0.00 1.04 0.00 
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Examination of experimental molar mass results in Table 4.8 and Table 4.9, reveal a very 
good agreement for the values across all columns and mobile phases used. The %RSD in 
molar mass   averaged over all columns for each sample was ≤ 2.0. The precision of 
   determined for each sample was slightly worse than for  , however, the %RSD 
averaged over all columns was still relatively low (≤ 2.7). Among the four different 
columns utilized, clearly the best agreement for   and   among the three mobile 
phases employed was observed with the cyano column. 
Note that PS 1– 4 and PMMA 1 and 2 samples are oligomers, and their experimental 
molar mass values exhibit a high level of accuracy. However, one should not be 
overconfident in the accuracy of the oligomeric data. Striegel [118] used a stop-flow 
technique to evaluate the effect of longitudinal diffusion on SEC band broadening. As 
discussed in the introductory section of chapter 3, the contribution of longitudinal 
diffusion to band broadening in SEC is negligible for polymers with small diffusion 
coefficients. However, Striegel determined that the effect was significant for polymers 
with molar masses below 30,000 Da, irrespective of the chemical nature or molar mass 
polydispersity of the polymers. In his opinion, the greater challenge is the accurate 
quantitation of oligomeric size-based results [119]. Concentration-sensitive detectors may 
respond differently to monomer units in the polymer backbone versus the chain ends 
which can be chemically different from the main backbone units. The difference in the 
responses for the chain ends and monomer units are negligible for high molar mass 
polymers (as the ‘ends’ are “dilute” in such cases), but can be significant for the 
oligomers [114]. 
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Table 4.8 Assessment of experimental results (% RSD), listed in Table 4.4 – Table 4.6 across all columns 
and mobile phases. 
Column Mobile Phase 
PS 1 PS 2 PMMA 1 PMMA 2 PS 3 
Mw Mn Mw Mn Mw Mn Mw Mn Mw Mn 
C18 
100% THF 2958 2697 3640 3458 4965 4036 6913 6195 6741 6374 
70/30 THF/ACN 3059 2818 3728 3575 5086 4202 6951 6167 6962 6692 
70/30 THF/MeOH 3009 2748 3765 3594 5101 4169 7000 6261 6875 6584 
 % RSD 1.6 2.2 1.7 2.1 1.5 2.1 0.63 0.78 1.6 2.5 
C4 
100% THF 3017 2803 3740 3612 5018 4209 6941 6227 6936 6702 
70/30 THF/ACN 3140 2934 3796 3635 5117 4317 7023 6371 7148 6936 
70/30 THF/MeOH 3020 2785 3740 3603 5027 4170 7192 6593 6999 6776 
 % RSD 2.2 2.9 0.86 0.46 1.1 1.8 1.8 2.9 1.5 1.8 
Phenyl 
100% THF 3058 2859 3752 3632 5095 4309 6964 6328 6995 6779 
70/30 THF/ACN 3082 2870 3727 3589 5090 4315 6916 6250 7130 6930 
70/30 THF/MeOH 3157 2961 3789 3619 5121 4329 6960 6265 7284 7064 
 % RSD 1.7 1.9 0.83 0.61 0.33 0.24 0.38 0.66 2.0 2.1 
Cyano 
100% THF 3065 2804 3800 3625 5016 4258 7050 6373 7044 6739 
70/30 THF/ACN 3078 2808 3744 3557 5066 4256 6956 6173 6983 6651 
70/30 THF/MeOH 3111 2838 3817 3630 5083 4289 7042 6347 7118 6814 
 % RSD 0.77 0.66 1.0 1.1 0.67 0.43 0.74 1.7 1.0 1.2 
Total %RSD 1.9 2.6 1.2 1.4 1.0 2.0 1.1 1.9 2.0 2.7 
Table 4.9 Assessment of experimental results (% RSD), listed in Table 4.4 – Table 4.6 across all columns 
and mobile phases (continued from Table 4.8). 
Column Mobile Phase
 PS 4 PS 5 PS 6 PS 7 PS 8 
Mw Mn Mw Mn Mw Mn Mw Mn Mw Mn 
C18 
100% THF 6879 6513 19614 19200 19558 19099 46798 46125 126662 120134 
70/30 THF/ACN 7082 6813 19982 19635 19897 19514 48470 48064 124226 119769 
70/30 
THF/MeOH 
7093 6811 19804 19405 19877 19446 48125 47535 123879 119790 
 % RSD 1.7 2.6 0.93 1.1 0.96 1.2 1.8 2.1 1.2 0.17 
C4 
100% THF 7055 6813 19874 19588 19865 19557 47392 46859 126128 116884 
70/30 THF/ACN 7325 7122 20095 19756 20149 19802 49081 48626 124720 120998 
70/30 
THF/MeOH 
7151 6934 19908 19547 19979 19648 48634 48170 122710 118215 
 % RSD 1.9 2.2 0.60 0.56 0.71 0.63 1.8 1.9 1.4 1.8 
Phenyl 
100% THF 7159 6951 20001 19715 20103 19841 48010 47643 127558 123349 
70/30 THF/ACN 7205 7009 19974 19605 19970 19634 49429 49104 123710 121199 
70/30 
THF/MeOH 
7409 7202 20085 19776 20085 19713 50612 50285 120919 118090 
 % RSD 1.8 1.9 0.29 0.44 0.36 0.53 2.6 2.7 2.7 2.2 
Cyano 
100% THF 7170 6878 19828 19465 20007 19667 47964 47267 126530 120142 
70/30 THF/ACN 7144 6824 19860 19473 19910 19495 47890 47249 124894 119662 
70/30 
THF/MeOH 
7214 6909 20020 19638 20072 19732 48720 48222 125725 120996 
 % RSD 0.49 0.63 0.52 0.50 0.41 0.62 0.95 1.2 0.65 0.56 
Total %RSD 1.9 2.5 0.68 0.83 0.77 1.0 2.0 2.3 1.5 1.4 
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For the UV detection mode, which was used in these experiments, the biggest challenge 
is a non-constant UV absorptivity [119]. In the oligomeric region the absorptivity (or 
molar absorptivity) of an n-mer can be different than that of an n-1-mer or of an n+1-mer. 
For a variety of polymers, UV chromophores may be located in the repeat units, just in 
the end groups, or both. If both repeat units and end groups have the same chromophore, 
the signal would be proportional to the polymer molar mass over the entire mass range, 
assuming that the chromophores are not sufficiently close to interact significantly, which 
could result in enhanced or diminished absorption. However, if only the end groups 
contain chromophores, the detector response would be proportional to the molar 
concentration of the polymers (i.e., the number of polymer molecules per unit volume) 
[114].  
4.5. Conclusion 
This work demonstrates that accurate and reproducible determination of average molar 
masses, the number-average and the weight-average in particular, are possible on 
reversed-phase columns with 100% THF mobile phase, as well as with mobile phases 
that are binary mixtures of “good” and “poor” solvents, such as 70/30 (v/v) THF/ACN 
and THF/MeOH. From the comparison of the experimental molar mass averages to those 
provided by the manufacturers, very small errors (e.g., average % error ≤ 8 for the C18 
column, and ≤ 6 for the C4, phenyl and cyano columns) were observed for PS and PMMA 
polymers when analyzed on low dispersion HPLC (i.e., Agilent 1260) using neat THF as 
the mobile phase, as seen from the uncorrected for the band broadening data. These errors 
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were even smaller when the mobile phase contained ACN and MeOH modifiers. The 
agreement of experimental average molar mass values across all columns and mobile 
phases used was exceptionally good (e.g., %RSD for   was ≤ 2.0, and % RSD for   ≤ 
2.7). The magnitude of the observed errors was somewhat similar for all polymer molar 
masses used in the experiments, e.g., oligomeric (up to 10,000 g/mol) versus higher 
molar mass (up to 124,000 g/mol). While these experiments demonstrate that accurate 
quantitative work in the oligomeric region is possible for PS and PMMA polymers even 
with a UV detection mode, the molar masses obtained for oligomers should be regarded 
with a healthy degree of skepticism [119]. Largest error obtained for a blend of PS 
oligomers of approximately 7,000 molar masses (PS 3 sample) is possibly due to the 
difference in the responses for the chain ends and monomer units in the blend. 
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CHAPTER 5: AQUEOUS SIZE-EXCLUSION CHROMATOGRAPHY ON 
REVERSED-PHASE AND HILIC COLUMNS 
5.1. Introduction 
Originally, as it was discovered in 1959 by Porath and Flodin, SEC was applied to water-
soluble macromolecules and was known as gel filtration chromatography (GFC) that was 
based upon separations on columns packed with cross-linked polydextran gels using 
aqueous mobile phases (chapter 1). Because of the low mechanical strength of gels 
consisting of cross-linked carbohydrates (dextrans), these gels could not be used in 
HPLC. Attempts to use porous glass or silica packings, which are much stronger 
mechanically than soft gels, were unsuccessful since irreversible adsorption and/or 
denaturation of polymers were taking place. Bare silica was not recommended for 
aqueous SEC due to its finite solubility in aqueous buffers and the presence of residual 
silanols [44]. 
Mainly, there are two types of packings used for aqueous SEC: (i) silica, with or without 
hydrophilic surface modification; and (ii) hydrophilic or ionic cross-linked polymeric 
packings. Cross-linked dextran gels are still used today, however in a different form. 
These gels provide stability in most common buffers, salt additives, organic modifiers 
and extreme pH [12]. For non-ionic polymers, polymer-based packings are preferred 
because they show less adsorption effects than unmodified silica and chemically 
modified silica packings. Anionic polymers can be analyzed on unmodified porous-glass 
or silica-gel packings, and cationic polymers – on silica gel modified with cationic 
groups, such as 3-aminopropyl [52]. 
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For aqueous SEC, hydrophilic silica packings modified with 1,2-propanediol functional 
groups are the most common [44]. Such modifications neutralize the surface of the 
packing by blocking or reacting with many of the acidic silanol groups. Diol-modified 
stationary phases are ideal for SEC separation of biopolymers and synthetic water-soluble 
polymers, but can be problematic if polymers are charged, however. Polyelectrolytes can 
ion-exchange onto residual acidic silanols on bare or even diol-modified silica, if they are 
cationic, or be ion-excluded from negatively charged pores, if they are anionic.  
There are several hydrophilic cross-linked polymeric packings that are used for aqueous 
SEC. Most of them are proprietary hydroxylated derivatives of cross-linked 
polymethacrylates. Specialty packings available on the market, such as sulfonated cross-
linked polystyrene, polydivinylbenzene derivatized with glucose or anion-exchange 
groups, a polyamide polymer, and cross-linked agarose, are considered “unusual” [44].  
Newly introduced silica-based ethylene-bridged hybrid inorganic-organic (BEH) packing, 
which is a mixture of silica and organosiloxanes that form poly-ethoxyoligosilane 
polymers, provides not only improved chemical stability and reduced silanol activity, but 
can be manufactured with a large pore size [44]. Diol-modified BEH particles provide a 
significant reduction in silanol activity, which is favorable for biopolymer separations 
[48].  
There are several limitations of aqueous SEC columns, but the major one is that eluent 
selection may be limited with respect to pH and type/concentration of organic modifier 
that can be tolerated by the column. To select a column, manufacturers’ column 
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specifications should be consulted for eluent compatibility. One has to be careful on the 
use of organic solvents with aqueous packings as the wrong choice of solvent may 
irreversibly damage the column [86]. Hydrophilic polymer gels shrink in organic solvents 
and only 10-20% of organic modifier can be added to the mobile phase [52], which may 
or may not be sufficient to suppress undesired interactions of the solutes with the 
stationary phase.  
While an interest in performing non-aqueous SEC using C18 bonded phases has grown 
over the past few years [45, 46, 50, 120-123], it would be beneficial to investigate the 
applicability of contemporary RP and HILIC columns for aqueous SEC as well. Starting 
from the 1970s it was recognized that modification of the silica support offers an 
advantageous minimization of non-SEC effects. However, RP stationary phases were 
regarded as of limited use due to strong sorption properties with organic solutes if water 
or aqueous mixtures are used as eluents [124]. Nevertheless, bonded polar functional 
groups, producing hydrophilic phases, were considered promising.  As emphasized in the 
previous chapters of this thesis, RP and HILIC columns are very advantageous in SEC, 
primarily due to their rigidity and compatibility with a large variety of organic solvents 
and water. In this chapter, aqueous SEC on RP and HILIC columns will be explored 
using water-soluble biopolymers and sodium polystyrene sulfonate (NaPSS) polymer of 
different molar masses. 
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5.2. Practical Considerations 
Non-SEC effects can potentially plague aqueous SEC analysis. Unwanted interactions of 
solutes with the stationary phase, such as ion exchange, ion exclusion, ion inclusion, 
intramolecular electrostatic interactions, and adsorption, are most commonly seen [52].  
Ion-exchange and ion-exclusion effects are the product of a pH-induced dissociation of 
silanol groups. Negatively charged silanols act as cationic exchange sites and interact 
with cationic polyelectrolytes via adsorption, but electrostatically repel anionic 
polyelectrolytes. The result of ion-exchange interactions is the elution of solutes after the 
total permeation volume, or even no elution [52]. Ion exclusion phenomenon refers to a 
restricted diffusion of polyelectrolytes into the pores by electrostatic repulsion [125], 
which results in the early elution of solutes, or even elution at the exclusion limit. Ion-
exchange and ion-exclusion effects can be eliminated by reducing the pH of the mobile 
phase to below 4 to suppress the dissociation of silanols and carboxylic groups and/or by 
the addition of an electrolyte to the mobile phase [52]. 
Ion inclusion on the other hand refers to the conditions similar to those at a 
semipermeable membrane that separates electrolyte solutions from one another, so-called 
“Donnan equilibrium” [68]. At such conditions, polyelectrolyte counterions can diffuse 
freely into the pores of the stationary phase, while the polyelectrolyte is size excluded. In 
order to relax the chemical potential difference, additional polymer is forced into the 
packing and thus electroneutrality is established between the solutes in the pores and 
those in the interstitial volume [52]. The ion inclusion effect promotes the diffusion into 
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the pores, and is the reverse of the ion exclusion effect. Ion inclusion manifests itself in 
retarded elution of solutes [125]. This effect can be eliminated by addition of an 
electrolyte to the mobile phase [52]. 
Intramolecular electrostatic interactions are caused by the fixed charges on the 
polyelectrolytes that promote internal electrostatic repulsion among neighboring ionic 
sites and expand the polymer chain in solution, increasing its hydrodynamic volume. 
Addition of an electrolyte will increase the ionic strength of the mobile phase and thus 
shield these electrostatic interactions, making the polymer contract [12]. 
Adsorption interactions incorporate ion-exchange, hydrogen bonding and hydrophobic 
interactions. Adsorption effects are seen in a chromatogram as a sharp leading edge of the 
peak, followed by tailing, small peak area, retardation of elution, and poor reproducibility 
[86]. A peak often seen near the total permeation volume is due to the salt used. 
Hydrogen bonding can be disrupted by the addition of guanidine or urea to the mobile 
phase, and hydrophobic interactions can be eliminated by a reduction in the ionic 
strength, and/or the addition of a surfactant [12, 52], or a strong organic solvent (as seen 
in chapters 2 and 3). The effect of the salt concentration on hydrophobic interactions is 
based on the electrolyte-nonelectrolyte interactions. These phenomena are analogous to 
“salting in” and “salting out” effects, where the non-electrolyte could become more 
soluble (decreased hydrophobic interactions) when salt concentration is reduced in a 
solution, and less soluble (increased hydrophobic interactions) when salt concentration is 
increased, respectively [126-128].  
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From the discussion above, aqueous SEC on RP columns would be affected by 
electrostatic (from ionized residual silanols), hydrogen bonding and hydrophobic 
interactions. Aqueous SEC on HILIC columns, on the other hand, would be affected by 
both electrostatic and hydrogen bonding interactions. For RP and HILIC columns, the 
hydrophobicity increases in the following order: HILIC < cyano < phenyl < C4 < C18. 
Thus, eluent and column temperature have to be judiciously chosen to suppress the 
unwanted interactions. As it was observed for non-aqueous SEC in chapter 3, organic 
modifiers and increasing column temperature can be successful in eliminating 
hydrophobic interactions and hydrogen bonding. If a solute is a polyelectrolyte, a 
salt/buffer mobile phase is warranted to suppress ionic interactions. Most commonly, 
sodium sulfate, sodium nitrate, and sodium acetate salts are used since the corrosion to 
stainless steel column hardware is minimal with these salts [86].  
Sodium polystyrene sulfonate is an anionic and hydrophobic polymer (Figure 5.1). 
Therefore, its elution will be affected by ion-exclusion and hydrophobic effects on RP 
columns. In order to suppress these non-SEC effects, the addition of a neutral salt and an 
organic modifier to an aqueous mobile phase is required. 
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Figure 5.1 Structure of a dissociated water-soluble polymer, polystyrene sulfonate (PSS). 
The difficulties associated with SEC of biopolymers, such as polypeptides, nucleic acids, 
and carbohydrates, are also related to electrostatic and hydrophobic interactions between 
the solutes and the stationary phase. Negatively charged silanols will electrostatically 
interact with positively charged proteins and repel negatively charged proteins, resulting 
in retarded and accelerated elution, respectively. The resulting calibration curve will be 
an underestimation of the molar masses for the adsorption and overestimation for the 
repulsion [12]. Therefore, it is very important to suppress unwanted interactions. 
Electrostatic interactions can be suppressed by varying the ionic strength. However, an 
increase in ionic strength may lead to an increase in hydrophobic interactions [129]. pH 
adjustments may not be an option since the stability of many biopolymers is pH-
dependent [12].  
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5.3. Experimental 
5.3.1. Materials 
HPLC-grade solvents: ACN was purchased from EMD Millipore Chemicals (Billerica, 
MA, USA), unstabilized THF and MeOH from Sigma-Aldrich (St. Louis, MO, USA). 
Deionized (DI) water was “in-house” from Barnstead Nanopure Diamond, D11911. 
Sodium Sulfate was purchased from Sigma-Aldrich (St. Louis, MO, USA) and uracil 
(Acros Organics) – from Thermo Fisher Scientific (Pittsburgh, PA, USA). Phosphate 
buffer, pH 6.7, was kindly provided by Tosoh Bioscience LLC (King of Prussia, PA, 
USA). Poly(styrene sulfonate) Sodium salt (NaPSS) standards were purchased from 
Phenomenex (Torrance, CA, USA). Molar mass polydispersities of all NaPSS standards 
were ≤ 1.20, molar mass values given here correspond to the peak-average molar mass 
(  ); both values were determined by the manufacturers. Protein standard and 
monoclonal antibody (mAb) sample solutions were kindly provided by Tosoh Bioscience 
LLC (King of Prussia, PA, USA). 
5.3.2. HPLC/UHPLC of NaPSS Polymers 
The liquid chromatographic system, an Agilent Series 1290 (Agilent Technologies, Santa 
Clara, CA, USA), consisted of a binary pump with an integrated high efficiency degasser 
(G4220A) able to handle a maximum backpressure of 1000 bar, a column thermostat 
(G1316C), an autosampler (G4226A) with the thermostat (G1330B), and an ultraviolet-
visible diode array detector (UV DAD) (G4212A) set at 258 nm for uracil detection and 
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at 224 nm for NaPSS detection. Chromatographic data for Figure 5.2 (A-C only) and 
Figure 5.5 (C18 only) were generated on Agilent Series 1260 (Agilent Technologies, 
Santa Clara, CA, USA) that consisted of a degasser (G1322A), a column thermostat 
(G1316C), a binary pump (G1312B) able to handle a maximum backpressure of 600 bar, 
an autosampler (G1367E), and an ultraviolet-visible diode array detector (UV DAD) 
(G4212B). One microliter (1 µL) volumes of a 0.2 mg/mL uracil solution in water and 
NaPSS standard solutions were injected into the chromatographic systems, while 
autosampler temperature was held at 5°C, and eluted isocratically on the columns listed 
in Table 3.3. Note that columns (stationary phases) regarded in the text as phenyl and 
cyano are actually phenylpropyl and cyanopropyl, respectively. HILIC is a diol-modified 
silica. The columns were held at seven discrete temperatures (10°C, 20°C, 30°C, 40°C, 
50°C, 60°C and 70°C). The mobile phase consisted of aqueous 0.2 M sodium sulfate 
mixed online with THF, ACN and MeOH in the ratios specified in the text. Separations 
were carried out at a flow rate of 0.30 mL/min. The chromatographic system was 
controlled and the data were acquired through a PC running 2010 Pro Empower 3 
software, version 7.20.00.00 (Waters, Milford, MA, USA). 
5.3.3. HPLC of Biopolymers 
The liquid chromatographic system, an Agilent Series 1100 (Agilent Technologies, Santa 
Clara, CA, USA), consisted of a degasser (G1322A), a column thermostat (G1316A), a 
binary pump (G1312A), able to handle a maximum backpressure of 400 bar, an 
autosampler (G1329A), and an ultraviolet-visible variable wavelength detector (UV 
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VWD) (G1314A) at 280 nm for the detection of proteins and mAb. Five-microliter 
volumes (5 µL) of bipolymer solutions were injected into the chromatographic system, 
using an autosampler thermstatted to 5°C, and eluted isocratically on Luna HILIC and 
SEC diol-coated TSKgel columns listed in Table 5.1. The columns were held at 25°C. 
The mobile phase was a pH 6.7 aqueous phosphate buffer comprised of 50 mM sodium 
dihydrogen phosphate, 50 mM potassium hydrogen phosphate, 100 mM sodium sulfate, 
and 0.05% (w/v) sodium azide. The separation was carried out at a flow rate of 0.35 
mL/min.  
Table 5.1 Column Parameters. Column length and internal diameter (mm) 150 x 4.6; 
1
Phenomenex; 
2
Distributor: MAC-MOD; 
3
Prototype from TOSOH Bioscience.  
Column ID Particle Size 
(µm) 
Pore Size 
(Å) 
Luna HILIC
1
 3 200 
ACE 3 C18-300
2 3 300 
ACE 3 C4-300
2 3 300 
ACE 3 Phenyl-300
2 3 300 
ACE 3 CN-300
2 3 300 
TSKgel UP-SW3000
3
 2 250 
 
5.3.4. NaPSS Standard Preparation 
All NaPSS standards were prepared in water at a nominal concentration of 1 mg/mL by 
dissolving approximately 10 mg of NaPSS in 10.0 mL of water. Four standard solutions 
were prepared as shown in Table 5.2. The solutions were shaken manually and allowed to 
equilibrate overnight.  
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Table 5.2 Molar mass values for NaPSS standards reported on Phenomenex certificate of analysis. 
GPC/SEC 
Standard ID Mp Mw/Mn 
NaPSS 1 
3420 <1.20 
15800 <1.20 
152000 <1.20 
NaPSS 2 
891 <1.20 
29500 <1.20 
470000 <1.20 
NaPSS 3 
6430 <1.20 
65400 <1.20 
976000 <1.20 
 
5.3.5. Biopolymer Standard and Sample Preparation 
Solutions of protein standard that consisted of thyroglobulin (1.5 g/L), γ-globulin (1.5 
g/L), ovalbumin (1.5 g/L), ribonuclease A (1.5 g/L), and p-aminobenzoic acid (0.01 g/L), 
and monoclonal antibody solution (sample), TBL mAb 01 (4.0 g/L), were provided by 
TOSOH Bioscience. 
Table 5.3 Molar mass values for biopolymers (TOSOH Bioscience). 
Standard ID Molar Mass (Da) 
thyroglobulin 660000 
γ-globulin 150000 
ovalbumin 43000 
ribonuclease 12600 
p-aminobenzoic acid 137 
TBL mAb 01 150000 
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5.4. Results and Discussion 
5.4.1. Aqueous SEC of NaPSS on RP and HILIC Columns: Solvent Effect  
Initial analysis of NaPSS standard solutions was performed on a HILIC column (Table 
5.1), using 0.2 M sodium sulfate (Na2SO4) solution in water as the mobile phase at a flow 
rate of 0.30 mL/min. One microliter (1 µL) NaPSS solutions (Table 5.2) were injected 
into the chromatographic system, while the column was held at 30 ºC. Figure 5.2 (A) 
demonstrates a good separation of NaPSS standards by size, using different combinations 
of three molar mass (  ) standards: black trace (3,420; 15,800; and 152,000, NaPSS 1 in 
Table 5.2); blue trace (891; 29,500; and 470,000, NaPSS 2 in Table 5.2); and green trace 
(6,430; 65,400; and 976,000, NaPSS 3 in Table 5.2). However, the   891 standard did 
not elute from the column, it is a “missing” peak from the blue trace in chromatogram 
(A). NaPSS   891 is apparently adsorbed irreversibly by the stationary phase, and 
therefore does not elute, while the other NaPSS polymers of higher molar mass (   
3,420 – 976,000) elute by an SEC mechanism.  
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Figure 5.2 Separation of NaPSS standards from Table 5.2 (NaPSS 1 – black trace; NaPSS 2 – blue trace; 
and NaPSS 3 – green trace; red arrow points to Mp 891 peak) on a HILIC column. Mobile phases used: 0.2 
M Na2SO4 in water (A); 80/20 (v/v) 0.2 M Na2SO4 in water/MeOH (B); 80/20 (v/v) 0.2 M Na2SO4 in 
water/ACN (C); and 80/20 (v/v) 0.2 M Na2SO4 in water/THF (D). Instrumentation: Agilent 1260 with a 
diode array detector set to 224 nm (A, B, and C); Agilent 1290 with a diode array detector set to 224 nm 
(D). Other conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 30˚C; 
autosampler temperature=5˚C. Note: standard solutions in A, B and C were prepared on the same day, and 
solutions in D – on a different day, and  therefore, concentrations of standards in D differ from those in A, 
B and C. 
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NaPSS polymer is a macromolecule with ionizable groups and a hydrophobic backbone. 
In polar solvents, such as aqueous solutions, the ionizable groups dissociate, leaving 
chains charged and releasing counterions into solution [130]. The electrostatic 
interactions of the ionized groups on polyelectrolyte chains and the interactions of the 
polymer backbone with the surrounding solvent determine the conformation of the 
polyelectrolyte [131, 132]. In a poor solvent for the polymer backbone, which is water for 
NaPSS, the polyelectrolyte chain size is determined by the balance of chain elasticity and 
electrostatic repulsion between charged monomeric units and strongly depends on the 
degree of polymerization [133]. The chain becomes non-uniformly stretched and 
experiences stronger deformation in the middle than at its ends. In poor solvents for its 
backbone, NaPSS adopts a necklace-like structure of pearls connected by narrow strings 
or a rod-like structure, depending on the degree of sulfonation, in an attempt to optimize 
electrostatic and hydrophobic interactions between monomeric units (Figure 5.3) [133, 
134]. Upon addition of a salt, the chains contract and assume a random coil conformation 
[135]. Based on this discussion, it can be assumed that   3,420 – 976,000 NaPSS 
polymers are in random coil conformations and their charged sulfonate groups are 
effectively shielded, thereby preventing non-SEC interactions with the stationary phase. 
The chains of NaPSS   891, on the other hand, are probably of an insufficient length to 
produce a coil conformation. Its rod-like conformation has sulfonate groups exposed and 
available for electrostatic interactions with the diol-modified silica surface, and/or 
hydrogen bonding with residual silanols and bonded phase of the column packing. 
Additionally, as discussed in chapter 4, end group effects tend to be much greater in 
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oligomers than in polymers. If these end groups are somehow providing the most 
dominant analyte-stationary phase interaction, then oligomers will interact more strongly 
with the stationary phase than will polymers. 
 
Figure 5.3 Representative simulation snapshots of the NaPSS polymer molecule with 48 monomeric units 
and a different fraction of sulfonation , f (0 – 1.0) [134]. 
Figure 5.2 (B) demonstrates that upon addition of methanol to the mobile phase (20%), 
non-SEC interactions of   891 (indicated by a red arrow) with the stationary phase are 
still significant but reduced, compared to the condition without the solvent (Figure 5.2, 
A).   891 is eluting as a broad peak with multiple peak maxima. The peak shape of   
3420 is also improved by the methanol-containing mobile phase, compared to the peak 
shape obtained using solvent-free mobile phase (Figure 5.2, A). This is an indication that 
   3,420 solute also experienced non-SEC interactions with the stationary phase in the 
absence of solvent in the eluent (Figure 5.2, A). Elution of the higher molar mass NaPSS 
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analytes is unaffected by the presence of the solvent. Compared to methanol, the same 
concentration of acetonitrile (20 %) in the mobile phase, further reduces non-SEC 
interactions of   891 with the stationary phase, however, its peak shape remains broad 
peak with multiple peak maximums (Figure 5.2, C). 
The fact that a series of peaks are observed for the NaPSS   891 oligomer, rather than a 
single peak, may also suggest that this standard contains a collection of oligomers that, 
perhaps, differ in the degree of sulfonation. When the ACN in the mobile phase is 
replaced by THF at the same concentration (20%), the peak shape of   891 is 
significantly improved, where all multiple peaks collapse into almost a single peak, and 
its non-SEC interactions with the stationary phase are, if not eliminated completely, then 
minimized to a large extent (Figure 5.2, D). Similar effect can be achieved by increasing 
ACN concentration to 30% as seen in Figure 5.4, where chromatograms generated with 
80/20 (v/v) 0.2 M Na2SO4 in water/THF and 70/30 (v/v) 0.2 M Na2SO4 in water/ACN are 
compared. Weakly polar or non-polar solvents (e.g., THF) do not possess sufficient 
polarity to cause ion pair dissociation of a polyelectrolyte, and therefore, the interaction is 
controlled by aggregation of ion pairs, similar to the effect of the presence of salt [135]. 
A polyelectrolyte chain can adopt a coil-like conformation in a good for the polymer 
backbone solvent, depending on the magnitude of the charge [130]. 
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5.4.2. Aqueous SEC of NaPSS on RP and HILIC Columns: Stationary Phase 
Chemistry Effect  
Because of residual silanol groups, some of which ionize, hydrophobic RP columns (such 
as C18, C4, phenyl and cyano) are also subject to electrostatic interactions, such as ion-
exclusion, and possibly to hydrogen bonding with the sulfonate groups of NaPSS. 
Additionally, RP ligands are subject to hydrophobic interactions with NaPSS polymer 
backbone. As was seen in the previous section, organic solvent mobile phase modifiers 
can be placed in the following order by their ability to eliminate non-SEC interactions of 
NaPSS polymers with the diol-modified HILIC stationary phase, when used at the same 
concentration: THF > ACN > MeOH. Because THF is successful in elimination of both 
uracil  
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Figure 5.4 Comparison of NaPSS chromatograms generated using 80/20 (v/v) 0.2 M Na2SO4 in water/THF 
(black solid trace) and 70/30 (v/v) 0.2 M Na2SO4 in water/ACN (blue dashed trace). Instrumentation: 
Agilent 1290 with a diode array detector set to 224 nm for NaPSS and to 258 nm for uracil. Other 
conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 50˚C; autosampler 
temperature=5˚C. 
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hydrophobic and electrostatic interactions, separation of NaPSS polymers was evaluated 
on RP columns (C18, C4, and phenyl) using 70/30 (v/v) 0.2 M NasSO4 in water/THF as 
the mobile phase. Figure 5.5 demonstrates SEC separation of NaPSS standard peaks by 
SEC mechanism on C18, C4 and phenyl columns, except   891 on the C18 column, 
which exhibits significant non-SEC interactions. As previously observed on the HILIC 
column, NaPSS   891 peak is a collection of multiple peaks. Calibration plots, 
constructed for NaPSS standards (   3,420; 6,430; 15,800; 29,500; 65,400; 152,000; 
470,000 and 976,000) from triplicate data points (injections) for each column (C18, C4, 
and phenyl) are typical with good correlation coefficients for the third-order polynomial 
fits (Figure 5.6).  
Figure 5.7 demonstrates a separation of NaPSS solutes on phenyl, cyano and HILIC 
columns. As the polarity of the stationary phase increases, phenyl > cyano > HILIC, the 
interaction of   891 oligomer with it decreases. The other NaPSS solutes of higher 
molar masses elute by SEC mechanism on all columns. However, the near-ideal SEC of 
all NaPSS analytes (including   891) is seen only on the HILIC column. In order to 
eliminate non-SEC interactions of   891 NaPSS with the stationary phase, the less 
polar cyano stationary phase requires a higher concentration of organic solvent in the 
mobile phase than more polar HILIC column. The solid trace chromatogram in Figure 5.8 
demonstrates a significant improvement in the   891 peak shape on the cyano column 
using 65/35 (v/v) 0.2 M Na2SO4 in water/ACN mobile phase, compared to the blue 
dashed trace using 70/30 (v/v) 0.2 M Na2SO4 in water/ACN mobile phase.  
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Figure 5.5 Comparison of separation of uracil (black trace) and NaPSS standards from Table 5.2 (NaPSS 1 
– dark blue trace; NaPSS 2 – green trace; and NaPSS 3 – light blue trace; red arrow points to Mp 891 peak) 
on C18, C4, and phenyl columns using 70/30 (v/v) 0.2 M Na2SO4 in water/THF mobile phase. 
Instrumentation: Agilent 1260 with a diode array detector with the C18 column and Agilent 1290 with a 
diode array detector with C4 and phenyl columns, set to 224 nm for NaPSS and to 258 nm for uracil. Other 
conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 50˚C; autosampler 
temperature = 5˚C. 
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Figure 5.6 Calibration plot for a C18 (A), C4 (B) and phenyl (C) columns using uracil (green data point) and 
NaPSS standards (Mp 3,420; 6,430; 15,800; 29,500; 65,400; 152,000; 470,000 and 976,000) (blue data 
points) using a 70/30 (v/v) aqueous 0.2 M Na2SO4/THF  mobile phase. Third-order polynomial curves are 
fitted only for the NaPSS range between Mp 3,420 and 152,000 (blue data points outlined in red). Data 
used are from triplicate injections. Instrumentation and other condition are as in Figure 5.5. 
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Figure 5.7 Separation of uracil (black trace) and NaPSS calibrants from Table 5.2 (NaPSS 1 – dark blue 
trace; NaPSS 2 – green trace; and NaPSS 3 – light blue trace) on phenyl, cyano and HILIC columns using 
70/30 (v/v) 0.2 M Na2SO4 in water/ACN mobile phase. Instrumentation: Agilent 1290 with a diode array 
detector set to 224 nm for NaPSS and to 258 nm for uracil. Other conditions: injection volume = 1.0 µL; 
flow rate = 0.30 mL/min.; column temperature = 60˚C; autosampler temperature=5˚C. 
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The peak shape of   891 solute on the cyano column with 65/35 (v/v) 0.2 M Na2SO4 in 
water/ACN mobile phase (Figure 5.8) is similar to that on the HILIC column with 70/30 
(v/v) 0.2 M Na2SO4 in water/ACN mobile phase (Figure 5.7).  
 
Figure 5.8 Comparison of uracil and NaPSS chromatograms generated using 63/35 (v/v) 0.2 M Na2SO4 in 
water/ACN (black solid trace) and 70/30 (v/v) 0.2 M Na2SO4 in water/ACN (blue dashed trace). 
Instrumentation and other conditions are as in Figure 5.7. 
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To investigate the effect of column temperature on the elution of NaPSS and its partition 
coefficients,     , the elution volumes of uracil (used to measure the total permeation 
volume) and polymer calibrants (NaPSS (g/mol):  891; 3,420; 6,430; 15,800; 29,500; 
65,400; 152,000 (used to measure total exclusion volume on the HILIC column); 470,000 
(used to measure total exclusion volume on C18, C4, phenyl and cyano columns) and 
976,000 (used to construct calibration plots as in Figure 5.6) were measured on the C18, 
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C4, and phenyl columns using 70/30 (v/v) aqueous 0.2 M Na2SO4/THF as the mobile 
phase; and on the cyano and HILIC columns using 80/20 (v/v) aqueous 0.2 M 
Na2SO4/THF and 70/30 (v/v) aqueous 0.2 M Na2SO4/ACN as the mobile phases; and on 
the cyano column using 65/35 (v/v) aqueous 0.2 M Na2SO4/ACN as the mobile phase at 
column temperatures set to 10 ºC, 20 ºC, 30 ºC, 40 ºC, 50 ºC, and 60 ºC. The choice of 
the organic modifier content in the mobile phase for each column was related to an 
attempt to reduce, or eliminate, non-SEC interactions of   891 with the column 
packing. The distribution coefficient,       was calculated using equation (2.1). The 
comparison was performed in a similar manner as it was done in chapter 3: if        is 
below 10% (and certainly below 5%), then the solutes elute by a near-ideal SEC 
mechanism that is described by equation (3.3), which is virtually devoid of enthalpic 
interactions; and if        is 10% or greater, then the elution is by a non-ideal SEC that 
can be described by equation (3.2), where    contributes to the separation of solutes. 
Because enthalpic interactions decrease with increasing temperature, values of      
determined at a column temperature set to 60ºC on the cyano and HILIC columns, and to 
50ºC on the C18, C4, and phenyl columns, were used as the reference to calculate 
        (the percent change in      between each temperature and the reference 
temperature). The values of      and        are tabulated in Table 5.4 and Table 5.5 
for NaPSS standards on each column in each mobile phase. 
The reason for a lower upper temperature limit (50 ºC) on the C18, C4, and phenyl 
columns is that when a mobile phase of 70/30 (v/v) aqueous 0.2 M Na2SO4/THF was 
used at a column temperature of 60 ºC, all the NaPSS peaks collapsed into one peak, 
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eluting at an elution volume lower than the exclusion volume of the column and 
exhibiting significant tailing (note that even uracil experienced a significant peak shape 
distortion and a retention time shift to a lower value, approximately 1 min less). This 
could possibly be due to Na2SO4 salt precipitation from the mobile phase onto the column 
at high concentration of THF solvent and at higher temperature (e.g., 60 ºC) as it is a 
known fact that solubility of Na2SO4 slightly decreases at temperatures higher than 
32.38ºC [136]. The decrease in solubility might also be enhanced by the presence of 
medium polarity solvent at high concentration (e.g., 30%). 
Table 5.4 Calculated Ksec and % ∆Ksec (from the reference Ksec at 50 ºC) from elution volumes obtained for 
NaPSS standards (Mp 152,000; 65,400; 29,500; 15,800; 6,430; 3,420) on C18, C4 and phenyl columns 
(listed in Table 5.1) with 70/30 (v/v) 0.2 M Na2SO4 in water/THF mobile phase. Triplicate injections are 
made at 30-50˚C; single injections are made at 10 and 20˚C. Instrumentation: Agilent 1260 with a diode 
array detector with the C18 column and Agilent 1290 with a diode array detector with C4 and phenyl 
columns, set to 224 nm for NaPSS and to 258 nm for uracil. Other conditions: injection volume = 1.0 µL; 
flow rate = 0.30 mL/min.; column temperature = 10-50 ºC; autosampler temperature = 5 ºC. 
   Temperature 
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Mp Ksec 
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 152000 0.091 97.8 0.069 50.0 0.066 43.5 0.059 28.3 0.046 
65400 0.210 59.1 0.198 50.0 0.186 40.9 0.166 25.8 0.132 
29500 0.380 46.7 0.365 40.9 0.342 32.0 0.309 19.3 0.259 
15800 0.508 47.7 0.488 41.9 0.464 34.9 0.425 23.5 0.344 
6430 0.630 34.9 0.613 31.3 0.590 26.3 0.549 17.6 0.467 
3420 0.704 32.1 0.686 28.7 0.665 24.8 0.625 17.3 0.533 
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 152000 0.068 54.5 0.063 43.2 0.061 38.6 0.054 22.7 0.044 
65400 0.197 84.1 0.186 73.8 0.173 61.7 0.150 40.2 0.107 
29500 0.361 77.0 0.344 68.6 0.321 57.4 0.281 37.7 0.204 
15800 0.490 70.7 0.469 63.4 0.441 53.7 0.391 36.2 0.287 
6430 0.622 61.1 0.602 56.0 0.573 48.4 0.518 34.2 0.386 
3420 0.696 51.0 0.677 46.9 0.650 41.0 0.597 29.5 0.461 
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 152000 0.050 -20.6 0.076 20.6 0.070 11.1 0.068 7.9 0.063 
65400 0.254 33.0 0.207 8.4 0.201 5.2 0.192 0.5 0.191 
29500 0.429 17.9 0.389 6.9 0.371 1.9 0.360 -1.1 0.364 
15800 0.541 10.2 0.538 9.6 0.509 3.7 0.499 1.6 0.491 
6430 0.778 19.1 0.690 5.7 0.657 0.6 0.641 1.8 0.653 
3420 0.812 13.1 0.770 7.2 0.730 1.7 0.719 0.1 0.718 
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From Table 5.4, the calculated        values indicate that the elution of NaPSS 
standards with 70/30 (v/v) aqueous 0.2 M Na2SO4 /THF mobile phase on the C4 and 
phenyl columns is by a non-ideal SEC mechanism and is influenced by non-SEC 
interactions at all temperatures (10-50 ºC). The oligomer   891 elutes after the total 
permeation volume at a column temperature of 10 ºC, and its peak shape is a collection of 
multiple peaks on both C4 and phenyl columns (chromatograms not shown). However, 
this peak elutes before the total permeation volume, and its shape improves when the 
column temperature is raised to 50 ºC (   891 is marked with a red arrow in Figure 5.5).  
In contrast, the elution of lower molar mass NaPSS standards (3,420; 6,430; 15,800; 
29,500; and 65,400) with 70/30 (v/v) aqueous 0.2 M Na2SO4/THF on a C18 column is by 
a nearly-ideal SEC mechanism (Table 5.4), where enthalpic contributions are practically 
absent within the range of 20-50 ºC. The exception is the elution of a higher molar mass 
PS solute (152,000) for which the range of near-ideal SEC is only 40-50 ºC. However, 
while the peak shape of oligomer   891 is slightly improved when the column 
temperature is raised from 10 ºC to 50 ºC, it still elutes after the total permeation volume 
at 50 ºC as a collection of multiple peaks (red arrow in Figure 5.5 indicates   891). 
Values of         in Table 5.5 demonstrate a nearly-ideal SEC elution of NaPSS 
standards on the HILIC column with 80/20 (v/v) 0.2 M Na2SO4 in water/THF and 70/30 
(v/v) 0.2 M Na2SO4 in water/ACN mobile phases over the entire temperature range 
investigated (10-60 ºC). The oligomer standard   891 elutes before the total permeation 
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volume (before the uracil peak), and its peak shape is slightly changing with the 
temperature (   891 is marked with a red arrow in Figure 5.9 and Figure 5.10). 
Table 5.5 Calculated Ksec and % ∆Ksec (from the reference Ksec at 60 ºC) from elution volumes obtained for 
NaPSS standards (Mp 152,000; 65,400; 29,500; 15,800; 6,430; 3,420; and 891) on HILIC and cyano 
columns (listed in Table 5.1) with 80/20 (v/v) 0.2 M Na2SO4 in water/THF  and 70/30 (v/v) 0.2 M Na2SO4 
in water/ACN  mobile phases, and on cyano column with 65/35 (v/v) 0.2 M Na2SO4 in water/ACN mobile 
phase. Triplicate injections are made at 30-60˚C; single injections are made at 10 and 20 ºC.  
Instrumentation: Agilent 1290 with a diode array detector, set to 224 nm for NaPSS and to 258 nm for 
uracil. Other conditions are as in Table 5.4. Mp 470,000 was used to measure exclusion volume of cyano 
column; Mp 152,000 was used to measure exclusion of HILIC column due to its small pore size (200Å). 
   Temperature  
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152000 - - - - - - - - - - - 
65400 0.081 9.5 0.078 5.4 0.077 4.1 0.079 6.8 0.075 1.4 0.074 
29500 0.242 5.7 0.237 3.5 0.235 2.6 0.237 3.5 0.231 0.9 0.229 
15800 0.403 4.1 0.400 3.4 0.396 2.3 0.393 1.6 0.389 0.5 0.387 
6430 0.583 3.2 0.579 2.5 0.576 1.9 0.577 2.1 0.568 0.5 0.565 
3420 0.687 2.4 0.685 2.1 0.682 1.6 0.678 1.0 0.673 0.3 0.671 
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65400 0.070 9.4 0.067 4.7 0.067 4.7 0.066 3.1 0.066 3.1 0.064 
29500 0.217 9.0 0.212 6.5 0.208 4.5 0.206 3.5 0.203 2.0 0.199 
15800 0.367 6.4 0.362 4.9 0.358 3.8 0.354 2.6 0.350 1.4 0.345 
6430 0.542 4.0 0.535 2.7 0.533 2.3 0.530 1.7 0.526 1.0 0.521 
3420 0.645 2.5 0.642 2.1 0.639 1.6 0.636 1.1 0.633 0.6 0.629 
891 0.812 0.4 0.835 3.2 0.808 -0.1 0.809 0.0 0.810 0.1 0.809 
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 152000 0.081 3.8 0.070 -10.3 0.074 -5.1 0.076 -2.6 0.077 -1.3 0.078 
65400 0.189 -8.7 0.194 -6.3 0.199 -3.9 0.202 -2.4 0.205 -1.0 0.207 
29500 0.352 -7.4 0.361 -5.0 0.367 -3.4 0.373 -1.8 0.377 -0.8 0.380 
15800 0.483 -6.2 0.491 -4.7 0.501 -2.7 0.507 -1.6 0.512 -0.6 0.515 
6430 0.616 -4.9 0.626 -3.4 0.634 -2.2 0.640 -1.2 0.645 -0.5 0.648 
3420 0.691 -4.0 0.700 -2.8 0.708 -1.7 0.714 -0.8 0.717 -0.4 0.720 
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152000 0.063 -18.2 0.068 -11.7 0.071 -7.8 0.073 -5.2 0.077 0.0 0.077 
65400 0.167 -17.3 0.181 -10.4 0.188 -6.9 0.193 -4.5 0.199 -1.5 0.202 
29500 0.308 -16.1 0.334 -9.0 0.346 -5.7 0.355 -3.3 0.362 -1.4 0.367 
15800 0.426 -14.3 0.458 -7.8 0.474 -4.6 0.484 -2.6 0.492 -1.0 0.497 
6430 0.557 -11.6 0.590 -6.3 0.603 -4.3 0.615 -2.4 0.624 -1.0 0.630 
3420 0.634 -9.7 0.669 -4.7 0.682 -2.8 0.692 -1.4 0.698 -0.6 0.702 
891 - - - - - - - - 0.823 -0.7 0.829 
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152000 0.073 7.4 0.072 5.9 0.071 4.4 0.069 1.5 0.068 0.0 0.068 
65400 0.204 14.6 0.200 12.4 0.196 10.1 0.191 7.3 0.186 4.5 0.178 
29500 0.380 14.5 0.372 12.0 0.364 9.6 0.355 6.9 0.345 3.9 0.332 
15800 0.520 13.8 0.509 11.4 0.499 9.2 0.487 6.6 0.473 3.5 0.457 
6430 0.657 11.4 0.645 9.3 0.633 7.3 0.621 5.3 0.608 3.1 0.590 
3420 0.734 10.5 0.720 8.4 0.709 6.8 0.696 4.8 0.681 2.6 0.664 
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Figure 5.9 Comparison of uracil and NaPSS chromatograms (Mp 976,000; 470,000; 152,000; 65,400; 
29,500; 15,800; 6,430; 3,420; and 891 – marked by a red arrow) generated on HILIC column with 80/20 
(v/v) 0.2 M Na2SO4 in water/THF mobile phase at 10 ºC, 30 ºC, and 60 ºC  column temperatures. 
Instrumentation: Agilent 1290 with a diode array detector, set to 224 nm for NaPSS and to 258 nm for 
uracil. Other conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 10-60 
ºC; autosampler temperature = 5 ºC.  
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Figure 5.10 Comparison of uracil and NaPSS chromatograms (Mp 976,000; 470,000; 152,000; 65,400; 
29,500; 15,800; 6,430; 3,420; and 891 – marked by a red arrow) generated on HILIC column with 70/30 
(v/v) 0.2 M Na2SO4 in water/ACN mobile phase at 10 ºC, 30 ºC, and 60 ºC  column temperatures. 
Instrumentation and other conditions are as in Figure 5.9. 
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The cyano column also demonstrates a near-ideal SEC elution of NaPSS standards with 
80/20 (v/v) 0.2 M Na2SO4 in water/THF mobile phase, but only over the temperature 
range of 40-60 ºC (Table 5.5). As seen on the C18 column with 30% of THF in the mobile 
phase, elution of NaPSS   891 on the cyano column with 20% THF in the mobile phase 
is only slightly improved when temperature is increased to 60 ºC. This peak still elutes as 
a collection of multiple peaks spread around the total permeation volume (chromatogram 
not shown). For 70/30 (v/v) 0.2 M Na2SO4 in water/ACN mobile phase, the cyano 
column demonstrates a near-ideal SEC elution of NaPSS standards over the entire 
temperature range investigated (10-60 ºC), with the exception of   152,000 at 60 ºC 
where       = 10 (Table 5.5). As seen in Figure 5.11, the peak shape of   891 solute 
improves with increasing column temperature. Also, Figure 5.11 demonstrates poor peak 
shapes of high molar mass NaPSS standards (   976,000; 470,000; and 152,000) at 10 
ºC conditions. This was not observed on the HILIC column with 70/30 (v/v) 0.2 M 
Na2SO4 in water/ACN mobile phase in Figure 5.10. When the ACN content is increased 
in the mobile phase (65/35 (v/v) 0.2 M Na2SO4 in water/ACN), in an attempt to improve 
the elution and peak shape of   891, the temperature range of nearly-ideal SEC 
conditions is limited to the 30-60 ºC range (Table 5.5). However, the elution of   891 
shifts to earlier volumes and its peak shape significantly improves, especially when the 
column temperature is raised above 60 ºC (e.g., to 70 ºC as in Figure 5.12). Values of 
      , calculated from the reference temperature of 70 ºC in Table 5.6, demonstrate 
the early-ideal SEC elution of NaPSS standards over the range of 30 to 60 ºC.  
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Figure 5.11 Comparison of uracil and NaPSS chromatograms (Mp 976,000; 470,000; 152,000; 65,400; 
29,500; 15,800; 6,430; 3,420; and 891 – marked by a red arrow) generated on cyano column with 70/30 
(v/v) 0.2 M Na2SO4 in water/ACN mobile phase at 10 ºC, 30 ºC, and 60 ºC column temperatures. 
Instrumentation and other conditions are as in Figure 5.9. 
 
u
ra
c
il 
- 
6
.4
7
7
 
AU 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
Minutes 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 
u
ra
c
il 
- 
6
.4
0
7
 
AU 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
Minutes 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 
u
ra
c
il 
- 
6
.2
9
5
 
AU 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
Minutes 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 
10ºC 
30ºC 
60ºC 
199 
 
 
 
Figure 5.12 Comparison of uracil and NaPSS chromatograms (Mp 976,000; 470,000; 152,000; 65,400; 
29,500; 15,800; 6,430; 3,420; and 891 – marked by a red arrow) generated on cyano column with 65/35 
(v/v) 0.2 M Na2SO4 in water/ACN mobile phase at 10 ºC, 30 ºC, and 60 ºC column temperatures. 
Instrumentation and other conditions are as in Figure 5.9. 
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Table 5.6 Calculated Ksec and % ∆Ksec (from the reference Ksec at 70 ºC) from elution volumes obtained for 
NaPSS standards (Mp 152,000; 65,400; 29,500; 15,800; 6,430; 3,420; and 891) on cyano column with 
65/35 (v/v) 0.2 M Na2SO4 in water/ACN mobile phase. Triplicate injections are made at 30-70˚C.  
Instrumentation: Agilent 1290 with a diode array detector, set to 224 nm for NaPSS and to 258 nm for 
uracil. Other conditions: injection volume = 1.0 µL; flow rate = 0.30 mL/min.; column temperature = 10-
70˚C; autosampler temperature = 5˚C.  
   Temperature 
   30ºC 40ºC 50ºC 60ºC 65ºC 70ºC 
Column 
ID 
Mobile 
Phase 
NaPSS 
Mp Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec Ksec 
% 
∆Ksec 
Ksec 
Reference 
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6
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n
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et
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n
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152000 0.071 -13.4 0.073 -11.0 0.077 -6.1 0.077 -6.1 0.081 -1.2 0.082 
65400 0.188 -10.5 0.193 -8.1 0.199 -5.2 0.202 -3.8 0.209 -0.5 0.210 
29500 0.346 -8.5 0.355 -6.1 0.362 -4.2 0.367 -2.9 0.376 -0.5 0.378 
15800 0.474 -6.7 0.484 -4.7 0.492 -3.1 0.497 -2.2 0.508 0.0 0.508 
6430 0.603 -5.5 0.615 -3.6 0.624 -2.2 0.630 -1.3 0.637 -0.2 0.638 
3420 0.682 -3.9 0.692 -2.5 0.698 -1.7 0.702 -1.1 0.712 0.3 0.710 
891 - - - - 0.823 -2.4 0.829 -1.7 0.845 0.2 0.843 
 
5.4.4. Aqueous SEC of Biopolymers on a Luna HILIC Column 
In 2015, TOSOH introduced a 2-µm diol-modified silica-based TSKgel UP-SW3000 
UHPLC/HPLC column for the characterization of monoclonal antibodies (mAbs) and 
other biopharma products. This column provides high resolution for the separation of 
antibody monomeric units, dimers, and higher order aggregates, and even outperforms a 
competitor’s UHPLC column [137]. In order to demonstrate that entropy-driven 
separations of synthetic polymers on RP and HILIC columns are applicable to water-
soluble biopolymers (natural polymers) as well, a separation of a mixture of different 
molar mass proteins was performed. The separation performance of the TOSOH 
prototype TSKgel UP-SW3000 column was compared to that of diol-modified Luna 
HILIC column (Table 5.1). Phosphate buffer, pH 6.7, that consisted of 50 mM sodium 
dihydrogen phosphate, 50 mM potassium hydrogen phosphate, 100 mM sodium sulfate, 
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and 0.05% sodium azide, was used as the mobile phase. This mobile phase was optimized 
by TOSOH for the TSKgel UP-SW-3000 columns in an attempt to reduce electrostatic 
interactions of biopolymers with the stationary phase. 
Figure 5.13 (A) illustrates a separation of p-aminobenzoic acid (137 Da), ribonuclease A 
(12,600 Da), ovalbumin (43,000 Da), γ-globulin (150,000 Da), and thyroglobulin 
(660,000 Da) on the HILIC column. Since proteins have relatively well-defined 
molecular masses, a calibration plot can be constructed to determine the molecular mass 
of an unknown protein, for example (150,000 Da) in Figure 5.13 (B). 
 
Figure 5.13 Separation of (A) protein mixture (thyroglobulin (1), γ-globulin (2), ovalbumin (3), 
ribonuclease (4), p-aminobenzoic acid (5)) and (B) TBL mAb 01 using a HILIC column with a pH 6.7 
aqueous buffered mobile phase comprised of 50 mM sodium phosphate (monobasic), 50 mM potassium 
phosphate (dibasic), 100 mM sodium sulfate, and 0.05% sodium azide.  Instrumentation: Agilent 1100 with 
a variable wavelength absorbance detector set to 280 nm.  Other conditions: injection volume = 5.0 µL; 
flow rate = 0.35 mL/min.; column temperature = 25˚C (thermostatted). 
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When performance of the HILIC column (silica surface covered with cross-linked diol 
groups) is compared to the performance of a diol-coated silica SEC column (TOSOH 
prototype column TSKgel UP-SW3000) using the same protein mixture and mobile 
phase, it is observed that the separation efficiency on the SEC column is somewhat better 
(Figure 5.14). This not unexpected since the smaller particle size and the larger pore size 
both favored the SEC column (Table 5.1). A comparison of peak parameters obtained for 
a monoclonal antibody on HILIC and TSKgel UP-SW3000 columns in Table 5.7 
demonstrate an excellent reproducibility for the retention time, asymmetry (tailing), peak 
area, peak height, and column efficiency (plate count) for both columns. Again, the 
higher efficiency of the TSKgel UP-SW3000 column is due to smaller particle size and 
larger pore volume (Table 5.1). The other parameters are very similar, however. 
 
Figure 5.14 Separation of thyroglobulin (1), γ-globulin (2), ovalbumin (3), ribonuclease (4), p-
aminobenzoic acid (5) on a HILIC (solid black trace) and TSKgel UP-SW3000 (dashed blue trace) 
columns. Mobile phase, instrumentation and other conditions are as in Figure 5.13. 
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Table 5.7 Comparison of peak parameters obtained for the monoclonal antibody (TBL mAb 01) on HILIC 
and TSKgel UP-SW3000 columns. Mobile phase, instrumentation and other conditions are as in Figure 
5.13. 
HILIC 
 Retention Time (min) USP Tailing Peak Area Peak Height USP Plate Count 
Replication 1 3.598 1.28 4176155 312753 1695 
Replication 2 3.600 1.30 4219755 315354 1689 
Replication 3 3.600 1.29 4201176 313205 1681 
% RSD 0.03 0.78 0.52 0.44 0.42 
TSKgel UP-SW3000 
 Retention Time (min) USP Tailing Peak Area Peak Height USP Plate Count 
Replication 1 4.115 1.41 4313277 383887 3249 
Replication 2 4.117 1.42 4311494 384316 3340 
Replication 3 4.116 1.40 4301748 386898 3314 
%RSD 0.02 0.71 0.14 0.42 1.42 
 
In terms of the linearity of the calibration curve for the proteins, the HILIC column 
outperforms the SEC column (Figure 5.15). Calibration data points on the HILIC column 
can be fitted with a linear curve, but the best fit for the TSKgel UP-SW3000 column is a 
2nd order polynomial. From an economic point of view, the TSKgel UP-SW3000 column 
is more than twice as expensive as the Luna HILIC column.  
Thus, the performance of the HILIC column packing for SEC of proteins is superior to 
that of the TSKgel UP-SW3000 column in terms of non-SEC interactions, but its 
efficiency should be further improved by reducing the particle size and increasing the 
pore volume. 
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Figure 5.15 Calibration plots for biopolymers (Table 5.3) on TSKgel UP-SW3000 and Luna HILIC 
columns. Curves constructed using data depicted in Figure 5.14.  
5.5. Conclusion 
Silica-based RP and HILIC columns are very attractive for aqueous SEC separations 
because they are compatible with all organic solvents and water, stable at low and 
moderately high pH, require short equilibration times, and are relatively inexpensive. 
Non-SEC effects can be eliminated by addition of an electrolyte and an organic modifier, 
such as acetonitrile or THF, to the mobile phase, and/or by increasing column 
temperature (e.g., to 50-60 ºC). The best performance is seen on the medium polarity and 
polar stationary phases, such as propyl-cyano and diol-modified silica (HILIC), where the 
elution of the NaPSS polyelectrolyte is by a nearly-ideal SEC mechanism. Hydrophobic 
stationary phases, such as C18, C4, propyl-phenyl, require a higher concentration of 
solvent modifier (THF) in the mobile phase in order to reduce such interactions. Elution 
y = -1.9832x2 + 3.6332x + 4.1563 
R² = 0.9944 
y = -3.0895x + 9.1232 
R² = 0.9961 
1 
2 
3 
4 
5 
6 
7 
1 1.2 1.4 1.6 1.8 2 2.2 2.4 
Lo
g 
(M
) 
Elution Volume, mL 
TSKgel UP-SW3000 2 μm, 150 x 4.6 mm, 250Å 
HILIC 3 μm, 150 x 4.6 mm, 200Å 
205 
 
 
of the NaPSS polyelectrolyte is by a non-ideal SEC mechanism on these columns. 
However, increasing the temperature of the C18 column to 40-50 ºC eliminates non-SEC 
interactions and allows the elution of the NaPSS polyelectrolyte by a nearly-ideal SEC 
mechanism. 
Low molar mass oligomers (< 3,000 Da) of water-soluble polymers may experience 
electrostatic non-SEC interactions with the stationary phase of RP and HILIC columns. 
These interactions are possibly the result of the difference in a structural conformation 
and end-group effects, compared to their polymeric counterparts. For example, the 
elution of   891 NaPSS was plagued by strong non-SEC interactions, compared to the 
rest of the NaPSS solutes (   3,420 – 976,000). When organic solvent was added to the 
mobile phase, and the column temperature was increased,   891 NaPSS solute eluted 
by a nearly-ideal SEC on both the cyano and HILIC columns. The polar HILIC column 
required approximately 5-10% less organic modifier in the mobile phase than the medium 
polarity cyano column. 
A cross-linked diol-modified HILIC column demonstrated superior performance in terms 
of calibration curve linearity using a standard biopolymer mix, compared to that of a new 
prototype diol-modified SEC column. While the repeatability of both columns is very 
similar, the efficiency of the HILIC column can be further improved by reducing the 
particle size from 3 µm to 2 µm, and increasing the pore size from 200 Å to 300 Å. 
However, HILIC column may still offer an immediate advantage for the analysis of 
biopolymers over a more expensive SEC column. 
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CHAPTER 6: APPLICATION OF COMBINED SIZE-EXCLUSION AND 
REVERSED-PHASE SEPARATION MECHANISMS TO QUANTITATION 
OF SULFOBUTYL ETHER-BETA-CYCLODEXTRIN IN 
PHARMACEUTICAL DRUG PRODUCT 
6.1. Introduction 
Captisol
TM
 (Sulfobutyl ether-β-cyclodextrin, SBE-β-CD) is a polyanionic β-cyclodextrin 
(β-CD) derivative with a sodium sulfonate salt separated from the lipophilic cavity by a 
butyl ether spacer group [138], Figure 6.1. This cyclodextrin has a wide range of 
applications in multiple areas of drug delivery in the pharmaceutical industry. Its most 
common application is to enhance solubility, stability, safety and bioavailability of active 
pharmaceutical ingredients [139].  
Because of its properties, Captisol
TM
 was selected for the Vestipitant IV (intravenous) 
GlaxoSmithKline (GSK) formulation (Figure 6.2), intended for the treatment of post-
operative nausea and vomiting [140]. Captisol
TM
 was used as a complexing agent to aid 
in reducing veinous irritation and hemolysis upon administration of the formulation that 
was likely caused by the Vestipitant molecule surfactant properties in an aqueous 
solution. Inclusion of Vestipitant molecules into a molecular complex by the cyclodextrin 
reduced the fraction of free drug in solution, and thus impaired drug’s surfactant 
properties. This allowed IV administration at a greater concentration and faster rates (i.e. 
bolus) [141]. The objective of the cyclodextrin complexation was to administer the drug 
as a bolus rather than as an infusion. A 10% (w/v), or 100 mg/mL, Captisol
TM
 level was 
found to be the optimum at the desired target drug solution concentration of 2 mg/mL.  
207 
 
 
In order to effectively mask venous irritation properties of Vestipitant molecules, it was 
important to maintain the 10% (w/v) Captisol
TM
 concentration in the drug formulation 
throughout the manufacturing process, including the IV solution filtration step. 
Therefore, a simple and fast HPLC method for the quantitation of SBE-β-CD was 
required to effectively monitor the concentration of Captisol
TM
 in the formulation, critical 
to the properties of the drug product.   
 
Figure 6.1 Structure of Captisol
TM
 (sulfobutyl ether-β-cyclodextrin, SBE-β-CD) 
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Figure 6.2 Structure of Vestipitant mesylate 
Derivatization of β-cyclodextrin (β-CD) to SBE-β-CD produces a mixture of sulfoalkyl 
derivatives that is characterized by an average degree of substitution (DS) and a 
substitution range (SR) [142]. Chankevtadze, et al. [143, 144] explored multiple 
approaches for the analysis of these mixtures. They demonstrated that the composition of 
SBE-β-CD can be determined by capillary electrophoresis (CE) using indirect detection 
in benzoic acid buffer. The separation of components with different degree of substitution 
is based on the difference in anionic mobilities, controlled by the overall charge of SBE-
β-CD. They also explored the use of various MS modes for molecular weight, degree of 
substitution and purity determination of SBE-β-CD, and confirmed the substitution 
patterns thus obtained by CE [145]. Other researchers also attempted the determination of 
the SBE-β-CD fingerprint (composition pattern) by CE [146] and liquid chromatography 
(LC) on various stationary phases [147-149]. While the proposed methodologies target 
the characterization of SBE-β-CD in terms of DS and SR, e.g., determination of the 
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composition pattern, they do not address the quantitation of this cyclodextrin. 
Furthermore, because the detection response depends on DS, accurate quantitation in 
such analyses becomes nearly impossible [145]. A simple assay method for SBE-β-CD 
(betadex sulfobutyl ether sodium), based on HPLC size-exclusion chromatography (SEC) 
that utilizes a polymethacrylate gel 300 x 7.8 mm column, is provided in the U.S. 
Pharmacopeia National Formulary (USP-NF) monograph [138]. However, the analysis is 
based on the refractive index method of detection.  
Analysis of SBE-β-CD is extremely difficult because this carbohydrate does not possess 
a chromophore, making ultraviolet (UV) detection impossible. The LC methods proposed 
for the analysis of cyclodextrins and its derivatives mainly rely on indirect photometric 
detection, pulse amperometry, refractive index and evaporative light scattering [138, 147, 
149-151]. Because reversed-phase LC with UV detection is the most common analytical 
instrumentation in the pharmaceutical industry, this work presents a simple and efficient 
LC method that utilizes UV detection for the accurate quantitation of SBE-β-CD, 
Captisol
TM
. 
6.2. Experimental 
6.2.1. Materials 
Copper(II) acetate monohydrate (Cu(II) acetate), trifluoroacetic acid (TFA), uracil and β-
cyclodextrin hydrate were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Deionized (DI) water was “in-house” from Barnstead Nanopure Diamond, D11911. 
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Captisol
TM
 was purchased from CYDEX INC (Lenexa, KS, USA), and Vestipitant IV 
solution was manufactured by GSK (Collegeville, PA, USA). Acetic acid, glacial was 
purchased from EMD Millipore Chemicals (Billerica, MA, USA) and sodium acetate 
trihydrate – from Avantor Perform Mat, Inc. (Philadelphia, PA, USA). 
6.2.2. Instrumentation and Chromatographic Conditions 
The liquid chromatographic system, an Agilent Series 1100 (Agilent Technologies, Santa 
Clara, CA, USA), consisted of a degasser (G1322A), a column thermostat (G1316A), a 
binary pump (G1312A), able to handle a maximum backpressure of 400 bar, and an 
ultraviolet-visible variable wavelength detector (UV VWD) (G1314A) set at 210 nm. 
Three-microliter (3 µL) volumes of Vestipitant samples and Captisol
TM
  (used as the 
standard) were injected using an autosampler (G1329A), and eluted isocratically on a 
MAC-MOD Analytical ACE-3 CN-300, 150 x 4.6 mm, 3µm, column (purchased from 
Fisher Scientific, Pittsburgh, PA, USA). The column temperature was held at 30°C. The 
mobile phase (measured pH was 2.06) consisted of 50/50 (v/v) water/acetonitrile and 
contained copper (II) acetate at concentration of 0.5 mM, and TFA at 0.05% (v/v). The 
separation was carried out at a flow rate of 0.70 mL/min. The chromatographic system 
was controlled and the data were acquired through a PC running 2010 Pro Empower 3 
software, version 7.20.00.00 (Waters, Milford, MA, USA). 
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6.2.3. Sample Preparation 
Captisol
TM
 standards were prepared in water at 10 mg/mL, and Vestipitant sample 
solutions were prepared by diluting 1.0 mL of the Vetipitant IV solution to 10.0 mL with 
water. For linearity, recovery, and repeatability studies, a stock Vestipitant solution was 
prepared by dissolving approximately 1500 mg of Vestipitant (1.196 g of Vestipitant 
mesylate salt = 1 g of Vestipitant of free base), 2625 mg of glacial acetic acid, and 3125 
mg of sodium acetate trihydrate in water, and diluting to 500.0 mL. For the linearity 
investigation, 2.0 mL of the stock Vestipitant solution was pipetted into 25-mL 
volumetric flasks that contained approximately 12.5, 25, 125, 250, 375 and 500 mg of 
Captisol
TM
. Samples were dissolved in and diluted with DI water to obtain 0.5, 1, 5, 10, 
15 and 20 mg/mL (5, 10, 50, 100, 150 and 200% of nominal concentration, respectively) 
solutions of Captisol
TM 
in Vestipitant IV solution. Solutions of Captisol
TM
 in Vestipitant 
IV solution at 5 and 15 mg/mL (50 and 150% of nominal concentration, respectively) 
were prepared in triplicate, and solutions at 10 mg/mL (100% of nominal concentration) 
were prepared in sextuplicate. These solutions were used for the assessment of 
repeatability and accuracy of the method. Method sensitivity for Captisol
TM
 was assessed 
using 0.5 mg/mL (5% of nominal concentration) solution. In addition, the same quantities 
at the same concentrations of Captisol
TM
 solutions in DI water were prepared without the 
Vestipitant IV solution (omitting Vestipitant stock solution) for the investigation of 
linearity, repeatability and accuracy without the Vestipitant IV solution matrix. Three 
preparations at 10 mg/mL concentration in water were made from a different lot of 
Captisol
TM
. A solution of uracil in DI water, 0.1 mg/mL, was prepared for the 
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determination of the column’s void volume/time, and a solution of β-cyclodextrin (β-CD) 
hydrate in DI water, 10 mg/mL, was prepared for the investigation of copper(II) 
complexation with the hydroxyl groups of the cyclodextrin. 
6.3. Results and Discussion 
6.3.1. Retention and Detection of CaptisolTM 
In order to enable the detection of Captisol
TM
 by UV absorbance, the lack of a 
chromophore had to be overcome. Mukherjee et al. [152] reported that copper(II)-
glycosaminoglycans complexes have optical properties that allow their UV detection. 
They suggested that absorbance resulted from a charge transfer complex between copper 
(II) ion and the carboxylate group of glycosaminoglycans. They also determined that at 
pH>5, the carboxyl and sulfamino groups are involved as ligands in copper(II)-heparin 
complex formation. However, they emphasized that at pH<5 only the carboxyl group is 
involved in those complexes. Toida et al. demonstrated that at low pH these complexes 
are sufficiently stable to be separated by capillary electrophoresis [153] and gel filtration 
HPLC [154]. Bazanella et al. [155] demonstrated the separation and direct UV detection 
of sugars by CE using chelation of copper(II) under alkaline conditions. In all cases 
copper(II) sulfate was used as the detection reagent.  
The Vestipitant IV solution contains sodium acetate and acetic acid for pH control, and 
therefore copper(II) acetate was used in this work for the complexation with SBE-β-CD 
to elicit UV absorbance detection for the copper(II)-SBE-β-CD (Cu(II)-SBE-β-CD) 
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complex. Because of the very low pKa of the sulfonic acid groups, SBE-β-CD carries 
multiple negative charges at physiological pH and sulfobutyl ether (SBE) groups are 
completely ionized over a broad pH range. Therefore, at low pH, only the hydroxyl 
groups of SBE-β-CD are protonated [156], while SBE groups are negatively charged, and 
are available for the complexation with copper (Cu) ions. Cu(II) ions behave as Lewis 
acids, producing coordination complexes with SBE ligands.  
Figure 6.3 shows the formation of two Cu(II)-SBE-β-CD peaks (I and II) and their 
separation from the Vestipitant peak. At low pH, copper(II) acetate produced 
coordination complexes with the SBE-β-CD. A good resolution of the retained 
Vestipitant peak and the unretained Cu(II)-SBE-β-CD peaks took approximately 4.2 
minutes. A cyano-modified stationary phase with wide pore size particles, along with 
high organic content in the mobile phase, provided minimal retention for the Vestipitant 
(GW597599) molecules, and sufficient separation between the unretained Cu(II)-SBE-β-
CD (I) and Cu(II)-SBE-β-CD (II) molecules. Figure 6.4 (A and D) demonstrates that both 
Cu(II)-SBE-β-CD peaks elute before the void volume, marked by the uracil peak. 
Because there are no interactions of the cyano-modified stationary phase with Cu(II)-
SBE-β-CD molecules, elution of these species follows size-exclusion mechanism, where 
Cu(II)-SBE-β-CD (II) molecules elute before Cu(II)-SBE-β-CD (I) molecules.  
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The composition of metal complexes based on weak acids highly depends on the pH of 
the solution. Ostanina et al. [157] calculated that at pH 2.5, a solution of Cu(II) acetate 
mainly contains copper ions [Cu
2+
], complex cations [CuOAc
+
], and neutral species 
[Cu(OAc)2]. Because hydroxyl groups of the SBE-β-CD are protonated at acidic 
conditions, anionic SBE ligands are the only responsible for chelating [Cu
2+
] and binding 
[CuOAc
+
] ions, while sodium ions [Na
+
] are displaced. Norkus et al. [158] emphasized 
that Cu(II)-β-CD complexes begin to form only at pH above 12.5, and that β-CD does not 
encapsulate Cu(II) ions or Cu(II) hydroxyl-species. Here it is also confirmed that Cu(II)-
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Figure 6.3 Chromatograms of 0.2 mg/mL GW597599 API solution (A); 10 mg/mL Captisol
TM
 in 
Vestipitant IV solution (B); and 10 mg/mL Captisol
TM
 solution in water (C). Instrumentation: Agilent 
1100 with a variable wavelength detector, set to 210 nm; ACE-3 CN-300, 150 x 4.6 mm, 3µm column. 
Other conditions: 50/50 (v/v) water/ACN mobile phase contained copper(II) acetate at concentration of 
0.5 mM, and TFA at 0.05% (v/v); injection volume = 3.0 µL; flow rate = 0.70 mL/min.; column 
temperature = 30˚C.  
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β-CD complexes are not formed at low pH. Analysis of β-CD under the same conditions 
as SBE-β-CD demonstrated that β-CD did not form any complexes with Cu(II) acetate, 
and therefore did not produce any signals in the chromatogram (Figure 6.4, B and C). 
This enables the conclusion that the hydroxyl groups of SBE-β-CD do not take part in the 
complexation, and furthermore, that SBE-β-CD does not form inclusion complexes (host-
guest) with Cu(II) acetate at low pH.  
.  
 
 
Because it was observed that the responses of both signals, positive (retention time of 2.3 
min) and negative (retention time of 2.7 min), in the chromatograms containing 
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Figure 6.4 Chromatograms of 0.1 mg/mL uracil solution in water (A); 5 mg/mL β-CD in water (B); 
water (C); and 10 mg/mL Captisol
TM
 in water (D). Instrumentation and other conditions are as in Figure 
6.3. 
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Captisol
TM
 (Figure 6.3, B and C), depended on the concentration of Captisol
TM
 in the 
solution, both peaks correspond to Cu(II)-SBE-β-CD complex/chelate. As discussed 
above, both peaks are unretained by the column stationary phase, and the negative peak 
elutes after the positive peak. Thus, it is at least reasonable to suggest that the positive 
peak is related to the complexation with the SBE groups outside the SBE-β-CD cavity, 
resulting in larger hydrodynamic volume occupied by Cu(II)-SBE-β-CD molecules; and, 
the negative peak (decrease in the background absorbance) indicates the formation of a 
Cu(II)-SBE-β-CD complex within the SBE-β-CD cavity due to the complexation of SBE 
groups with Cu(II) ions, resulting in smaller hydrodynamic volume occupied by Cu(II)-
SBE-β-CD molecules. A good resolution of these positive and negative peaks is the main 
requirement of the method, which assures its suitability for the accurate quantitation. 
Because the complexes formed have different hydrodynamic volumes in the solution, 
SEC mechanism of elution effectively separates them during elution. 
6.3.2. Linearity, Recovery, Repeatability and Sensitivity of the Method 
Quantitation of the proposed methodology can be performed using either the response of 
the positive Cu(II)-SBE-β-CD (I) peak, or the negative Cu(II)-SBE-β-CD (II) peak, or 
both (combined) peaks.  
The linearity of response to SBE-β-CD (or rather to Cu(II)-SBE-β-CD) was investigated 
in the range of 0.5-20 mg/mL (5-200% of nominal concentration) in Vestipitant IV 
solution, and in water (without the Vestipitant matrix). A good linear response was 
obtained (i) in Vestipitant IV solution for the positive Cu(II)-SBE-β-CD (I) peak: mean 
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linear regression equation                                        where y is 
the peak area response and x is the sample concentration, with the correlation coefficient 
(R) of 0.9996 (R
2 
of 0.9992, n=15) and y-intercept being 0.01% of response at nominal 
concentration (10 mg/mL); (ii) in water solution for the positive Cu(II)-SBE-β-CD (I) 
peak: mean linear regression equation                                     
    with R of 0.9997 (R2 of 0.9994, n=15) and y-intercept being 0.01% of response at 
nominal concentration; (iii) in Vestipitant IV solution for the negative Cu(II)-SBE-β-CD 
(II) peak: mean linear regression equation                         
                with R of 0.9996 (R2 of 0.9991, n=15) and y-intercept being -0.02% of 
response at nominal concentration; (iv) in water solution for the negative Cu(II)-SBE-β-
CD (II) peak: mean linear regression equation                       
                with R of 0.9991 (R2 of 0.9982, n=15) and y-intercept being -0.05% 
of response at nominal concentration; (v) in Vestipitant IV solution for the combined 
positive and negative Cu(II)-SBE-β-CD (I) & (II) peaks: mean linear regression equation  
                                   with R of 1.0000 (R2 of 0.9999, n=15) 
and y-intercept being -0.01% of response at nominal concentration; (vi) in water solution 
for the combined positive and negative Cu(II)-SBE-β-CD (I) & (II) peaks: mean linear 
regression equation                                       with R of 0.9998 
(R
2 
of 0.9995, n=15) and y-intercept being -0.02% of response at nominal concentration. 
The accuracy of the method for the quantitation of SBE-β-CD was established, and mean 
recovery values for the preparations of Captisol
TM
 at 50, 100, and 150% of nominal 
concentrations were: (i) 99.8% (n=3, 50%), 99.3% (n=6, 100%), 97.1% (n=3, 150%) and 
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98.9% (n=12, overall) in Vestipitant IV solutions and (ii) 102.0% (n=3, 50%), 99.9% 
(n=6, 100%), 97.9% (n=3, 150%) and 99.9% (n=12, overall) in water solutions using 
Cu(II)-SBE-β-CD (I) peak responses (Table 6.1); (iii) 97.5% (n=3, 50%), 101.9% (n=6, 
100%), 103.4% (n=3, 150%) and 98.9% (n=12, overall) in Vestipitant IV solutions and 
(iv) 94.5% (n=3, 50%), 100.0% (n=6, 100%), 102.7% (n=3, 150%) and 101.2% (n=12, 
overall) in water solutions using Cu(II)-SBE-β-CD (II) peak responses (Table 6.2); (v) 
98.6% (n=3, 50%), 100.7% (n=6, 100%), 100.5% (n=3, 150%) and 100.12% (n=12, 
overall) in Vestipitant IV solutions; (vi) 98.0% (n=3, 50%), 99.8% (n=6, 100%), 100.5% 
(n=3, 150%) and 99.5% (n=12, overall) in water solutions using combined Cu(II)-SBE-β-
CD (I and II) peak responses (Table 6.3). Slightly larger recoveries (mean 103% in 150% 
solution) seen for the Cu(II)-SBE-β-CD (II) (negatively absorbing peak) complex, than 
that for the Cu(II)-SBE-β-CD (I) (positively absorbing peak) complex, are likely the 
result of the peak area corrections for the void volume signal observed in the blank.The 
repeatability of the method was assessed for preparations of Captisol
TM
 at 50, 100, and 
150% of nominal concentrations, and the percent relative standard deviation (%RSD) of 
the response factors were: (i) 0.6% (n=3, 50%), 0.3% (n=6, 100%), 0.6% (n=3, 150%) 
and 1.2% (n=12, overall) in Vestipitant IV solution and (ii) 1.5% (n=3, 50%), 0.9% (n=6, 
100%), 0.4% (n=3, 150%) and 1.8% (n=12, overall) in water solution using Cu(II)-SBE-
β-CD (I) peak responses (Table 6.1); (iii) 0.9% (n=3, 50%), 0.4% (n=6, 100%), 0.8% 
(n=3, 150%) and 1.2% (n=12, overall) in Vestipitant IV solution and (iv) 2.1% (n=3, 
50%), 1.1% (n=6, 100%), 0.4% (n=3, 150%) and 2.4% (n=12, overall) in water solution 
using Cu(II)-SBE-β-CD (II) peak responses (Table 6.2); (v) 0.8% (n=3, 50%), 0.3% (n=6, 
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100%), 0.7% (n=3, 150%) and 1.1% (n=12, overall) in Vestipitant IV solution and (vi) 
1.8% (n=3, 50%), 1.0% (n=6, 100%), 0.4% (n=3, 150%) and 1.4% (n=12, overall) in 
water solution using combined Cu(II)-SBE-β-CD (I and II) peak responses (Table 6.3). 
Retention time repeatability was also assessed. RSD for the Cu(II)-SBE-β-CD (I) peak 
that eluted at 2.3 minutes and RSD for the Cu(II)-SBE-β-CD (II) peak that eluted at 2.7 
minutes was not greater than 0.6% for all solutions prepared in Vestipitant IV and water 
(Table 6.1 and Table 6.2). 
For confirmation purposes, a different lot/batch of Captisol
TM
 was used to prepare 
solutions in water spiked at 100% of nominal concentration (10 mg/mL), while standard 
solutions remained the same as in the experiments described above. The two batches of 
Captisol
TM
 used were manufactured two years apart, and both lots had average DS of 6.6 
(claim: 6.0 – 7.1). The mean recovery of CaptisolTM from these solutions was 99.6% with 
a %RSD of 0.1% using Cu(II)-SBE-β-CD (I) peak responses (Table 6.1); mean recovery 
was 99.4% with a %RSD of 0.1% using Cu(II)-SBE-β-CD (II) peak responses (Table 
6.2); and mean recovery was 99.5% with a %RSD of 0.1% using combined Cu(II)-SBE-
β-CD (I and II) peak responses (Table 6.3). 
The sensitivity of the method was evaluated for the positively absorbing peak using 0.5 
mg/mL (5% of nominal concentration) SBE-β-CD in Vestipitant IV solution. Signal-to-
noise ratio (S/N) was calculated using Empower 3 software by the U.S. Pharmacopeial 
(USP) equation. The USP S/N was 388 in Vestipitant IV solution, and 421 in water 
solution.  
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Table 6.1 Recovery of Captisol
TM
 (SBE-β-CD) from Vestipitant IV and water solutions for positively 
absorbing Cu(II)-SBE-β-CD (I) peak, sample preparation and retention time repeatability for this peak. 
 
% of Nominal 
Concentration 
Spiked Amount 
of SBE-β-CD 
(mg/25 mL) 
Recovered Amount 
of SBE-β-CD 
(mg/25 mL) 
Recovery 
(%) 
Retention 
Time (min) 
Vestipitant IV  50 125.10 124.14 99.23 2.25 
Solution 50 125.00 124.71 99.77 2.25 
 50 123.35 123.92 100.46 2.25 
   Mean 99.82  
   %RSD 0.6  
 100 250.50 248.60 99.24 2.27 
 100 251.65 250.83 99.68 2.27 
 100 253.57 252.77 99.69 2.27 
 100 249.05 247.37 99.33 2.27 
 100 254.76 251.94 98.89 2.27 
 100 248.55 246.51 99.18 2.27 
   Mean 99.33  
   %RSD 0.3  
 150 380.16 369.30 97.14 2.29 
 150 371.94 359.02 96.53 2.28 
 150 372.96 364.56 97.75 2.28 
   Mean 97.14  
   %RSD 0.6  
   Overall Mean 98.91 2.27 
   Overall %RSD 1.2 0.56 
Water Solution 50 126.21 129.56 102.65 2.25 
 50 124.90 125.21 100.25 2.25 
 50 125.80 129.82 103.19 2.25 
   Mean 102.03  
   %RSD 1.5  
 100 249.12 247.50 99.35 2.27 
 100 248.68 244.40 98.28 2.27 
 100 249.52 250.48 100.38 2.27 
 100 249.40 250.41 100.41 2.27 
 100 250.70 250.95 100.10 2.27 
 100 249.83 251.57 100.70 2.27 
   Mean 99.87  
   %RSD 0.9  
 150 375.26 365.69 97.45 2.29 
 150 374.57 367.96 98.24 2.28 
 150 374.76 367.61 98.09 2.29 
   Mean 97.93  
   %RSD 0.4  
   Overall Mean 99.92 2.27 
   Overall %RSD 1.8 0.61 
Water Solution  100 250.61 249.65 99.62 2.25 
(different lot) 100 256.69 255.53 99.55 2.25 
 100 251.03 250.32 99.72 2.25 
   Mean 99.63 2.25 
   %RSD 0.1 0.00 
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Table 6.2 Recovery of Captisol
TM
 (SBE-β-CD) from Vestipitant IV and water solutions for negatively 
absorbing Cu(II)-SBE-β-CD (II) peak, sample preparation and retention time repeatability for this peak. 
 
% of Nominal 
Concentration 
Spiked Amount 
of SBE-β-CD 
(mg/25mL) 
Recovered Amount 
of SBE-β-CD 
(mg/25mL) 
Recovery 
(%) 
Retention 
Time (min) 
Vestipitant IV  50 125.10 120.88 96.62 2.70 
Solution 50 125.00 121.90 97.53 2.70 
 50 123.35 121.28 98.32 2.70 
   Mean 97.49  
   %RSD 0.9  
 100 250.50 254.83 101.72 2.68 
 100 251.65 257.55 102.34 2.68 
 100 253.57 259.50 102.34 2.68 
 100 249.05 253.70 101.87 2.68 
 100 254.76 258.38 101.41 2.68 
 100 248.55 252.50 101.58 2.68 
   Mean 101.88  
   %RSD 0.4  
 150 380.16 394.10 103.67 2.66 
 150 371.94 381.33 102.53 2.66 
 150 372.96 388.20 104.09 2.66 
   Mean 103.43  
   %RSD 0.8  
   Overall Mean 98.91 2.68 
   Overall %RSD 1.18 0.55 
Water Solution 50 126.21 120.28 95.30 2.69 
 50 124.90 115.28 92.29 2.69 
 50 125.80 120.83 96.04 2.70 
   Mean 94.54  
   %RSD 2.1  
 100 249.12 246.83 99.08 2.68 
 100 248.68 243.00 97.72 2.68 
 100 249.52 250.10 100.23 2.68 
 100 249.40 250.20 100.32 2.68 
 100 250.70 250.58 99.95 2.68 
 100 249.83 251.48 100.66 2.68 
   Mean 99.66  
   %RSD 1.1  
 150 375.26 383.60 102.22 2.66 
 150 374.57 385.48 102.91 2.66 
 150 374.76 385.98 102.99 2.66 
   Mean 102.71  
   %RSD 0.4  
   Overall Mean 101.17 2.68 
   Overall %RSD 2.4 0.5 
Water Solution  100 250.61 248.75 99.29 2.65 
(different lot) 100 256.69 255.50 99.49 2.65 
 100 251.03 249.75 99.53 2.65 
   Mean 99.44 2.65 
   %RSD 0.1 0.0 
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Table 6.3 Recovery of Captisol
TM
 (SBE-β-CD) from Vestipitant IV and water solutions combined Cu(II)-
SBE-β-CD (I and II) combined peaks, sample preparation repeatability for the combined peaks. 
 
% of Nominal 
Concentration 
Spiked Amount 
of SBE-β-CD 
(mg/25 mL) 
Recovered Amount 
of SBE-β-CD 
(mg/25 mL) 
Recovery 
(%) 
Vestipitant IV  50 125.10 122.38 97.83 
Solution 50 125.00 123.20 98.57 
 50 123.35 122.50 99.31 
   Mean 98.57 
   %RSD 0.8 
 100 250.50 251.93 100.57 
 100 251.65 254.43 101.11 
 100 253.57 256.38 101.11 
 100 249.05 250.78 100.69 
 100 254.76 255.38 100.25 
 100 248.55 249.73 100.47 
   Mean 100.70 
   %RSD 0.3 
 150 380.16 382.60 100.64 
 150 371.94 371.00 99.74 
 150 372.96 377.25 101.15 
   Mean 100.51 
   %RSD 0.7 
   Overall Mean 100.12 
   Overall %RSD 1.1 
Water Solution 50 126.21 124.58 98.71 
 50 124.90 119.88 95.98 
 50 125.80 125.00 99.36 
   Mean 98.02 
   %RSD 1.8 
 100 249.12 247.13 99.20 
 100 248.68 243.65 97.98 
 100 249.52 250.28 100.30 
 100 249.40 250.30 100.36 
 100 250.70 250.75 100.02 
 100 249.83 251.53 100.68 
   Mean 99.76 
   %RSD 1.0 
 150 375.26 375.30 100.01 
 150 374.57 377.35 100.74 
 150 374.76 377.45 100.72 
   Mean 100.49 
   %RSD 0.4 
   Overall Mean 99.51 
   Overall %RSD 1.4 
Water Solution  100 250.61 249.65 99.45 
(different lot) 100 256.69 255.50 99.52 
 100 251.03 250.00 99.62 
   Mean 99.53 
   %RSD 0.1 
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6.4. Conclusions 
A simple, sensitive and fast HPLC method with UV detection was developed that 
allowed accurate quantitation of SBE-β-CD in Vestipitant IV solution. Cyano-modifed 
stationary phase with the wide pore size provides bimodal separation: size-exclusion for 
the Cu(II)-SBE-β-CD complexes, since they occupy different hydrodynamic volumes; 
and reversed phase for the retention of the drug molecules. This enables quantitation of 
both, the drug and the SBE-β-CD in a single chromatogram. The method also allows 
accurate SBE-β-CD quantitation without the Vestipitant matrix. Cu(II) acetate was used 
as the detection reagent for the analysis of Captisol
TM
 that does not possess any additional 
chromophore. At low pH, SBE groups of SBE-β-CD molecules produced coordination 
complexes with Cu(II) acetate by chelating and binding [Cu
2+
] and [CuOAc
+
] ions, which 
provided optical properties to SBE-β-CD molecules for UV detection. Complexation of 
SBE ligands with Cu(II) ions takes place outside the CD cavity, as well as within the 
cavity, producing both positive and negative UV responses in the chromatogram. In order 
to ensure accurate quantitation, the main requirement of the methodology proposed is the 
sufficient separation of these peaks from each other, which is effectively achieved by 
their elution in SEC mode. While either peak, or even combined peaks, can be used for 
the quantitation, it is the most convenient to quantify the positively absorbing peak, since 
the negatively absorbing peak would require correction for the signal produced in the 
void volume of the column. In addition, this method can be extended to the quantitation 
of Vestipitant (along with SBE-β-CD) in the IV solution. This method can further be 
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applied to fundamentally important studies of complexation interactions, such as 
cyclodextrin-drug (host-guest), cyclodextrin-metal, etc. 
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CHAPTER 7: FINAL CONCLUSIONS AND FUTURE PROSPECTS 
SEC finds its applications in the field of synthetic and natural polymers. While SEC is 
primarily used for the measurement of the average molar masses and molar mass 
distributions of polymers, it can be used for any other quantitative and qualitative 
applications that involve size separations. The focus of the pharmaceutical industry 
towards the development of biotherapeutics renewed the focus on size-exclusion 
separations, which initiated the development of new efficient columns for their complete 
characterization. SEC columns have undergone substantial development in recent years 
to overcome such limitations as low speed, efficiency and resolution. However, the 
performance characteristics of SEC columns are not on the same scale of the efficiencies 
of common RP and HILIC columns. This is primarily due to the larger particle size (5-7 
µm) of the conventional SEC packings, compared to smaller particle size (3-5 µm) of the 
common RP and HILIC packings.   
As demonstrated in this thesis, RP and HILIC columns can be used for both non-aqueous 
and aqueous SEC. Prior to purchasing an expensive low efficiency polymer-based or 
silica-based SEC column, a lower cost (2-3 times less expensive) silica-based RP and/or 
HILIC column should be considered. Modern RP and HILIC stationary phases are 
mechanically strong, compatible with all organic solvents and water, have an extended 
pH range from pH 1.5 to at least 11.5 [35] and require short equilibration times. The 
availability of a wide range of RP and HILIC bonded phases of different polarities 
(hydrophobicities) (e.g., C18, C8, C4, phenyl, biphenyl, fluoro-phenyl (pentafluoro-
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phenyl), phenyl-hexyl, cyano, amino, amide, diol, etc.) enhances the ability to handle a 
diverse variety of synthetic and natural polymers. These stationary phases offer the most 
inert surface for non-aqueous and aqueous SEC as interactions with the column packing 
can be suppressed by an organic solvent, an electrolyte, and/or an increased column 
temperature. Furthermore, these columns demonstrate a great ability to accurately and 
reproducibly determine average molar masses of polymers. Additionally, RP and HILIC 
columns can provide bimodal separations for a mixture of solutes that have a diverse 
combination of properties. For instance, RP columns can provide a reversed-phase 
separation (hydrophobic retention) for hydrophobic compounds and a size-exclusion 
separation for hydrophilic or ionic compounds in one chromatographic run. When 
separated, these compounds can be accurately and reproducibly quantitated.  
Silica-based RP and HILIC bonded phases are described by excellent efficiency, rigidity, 
lower cost, and the ability to be used in both aqueous and organic HPLC modes. These 
properties will ensure the continued success of RP and HILIC columns in analytical 
laboratories for a long time. There is an increased interest in fast and efficient SEC 
separations that researchers are attempting to realize in the use of columns packed with 
superficially porous particles [123, 159, 160], and in the use of size-exclusion ultra HPLC 
(SE-UHPLC) [45, 46, 161]. RP and HILIC columns are available in sub-2 µm particle 
sizes and possess different particle architecture (e.g., fully porous, superficially porous), 
and therefore can be immediately used to enhance the efficiency and speed of a SEC 
separation. Moreover, the internal diameters of 4.6 mm of RP and HILIC columns are 
compatible with low-dispersion HPLC and mass spectrometry (MS) instrumentation. 
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High-throughput environments, such as quality control and LC-MS, are based on 
increased sensitivity, fast analysis and low solvent consumption/reduced solvent waste 
are the driving forces. The knowledge obtained about size-exclusion HPLC (SE-HPLC) 
on RP and HILIC columns can be directly applied to SE-UHPLC.  
Particle pore sizes of 80-300 Å of silica-based RP and HILIC columns can accommodate 
a wide range of polymer molar masses (up to approximately 300 kDa as seen for PS and 
PMMA polymers; and up to approximately 500 kDa as seen for NaPSS polymers). 
However, silica particles can be manufactured with larger pore sizes to cover an even 
wider range of molar masses, which will ensure wide acceptance of RP and HILIC 
columns for SEC-HPLC and SE-UHPLC. Pore size is the most important property of a 
column for a SEC separation as it defines the pore volume, or the related phase ratio, of 
the column. The author foresees a further development in RP and HILIC column 
technology that will target a significantly higher column phase ratio. Advanced Materials 
Technology has just introduced (in February 2017) HALO C4 column, packed with 
superficially porous particles with an average pore size of 1000 Å, designed for the 
separation of very large biomolecules and polymers. The prototype of this column has 
been tested by Wagner et al. for HPLC and SEC [160]. Ethylene-bridged hybrid (BEH) 
technology, introduced relatively recently (in 2005) by Waters, appears very encouraging 
as well. This technology has improved chemical stability, reduced silanol activity and 
increased pore sizes of the particles, compared to silica particle technology [162]. 
Suitability of BEH particles with pore sizes ranging from 45 Å to 900 Å for SE-UHPLC 
has been demonstrated by Janco et al. [46]. Additionally, it could be advantageous if RP 
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and HILIC column packings were manufactured with mixed-pore or “multipore” 
particles, where several different pore sizes are mixed. The advantages of mixed-pore 
columns would be the extension of the molar mass separation range and improvement in 
the linearity of the SEC calibration slope. Such columns would be useful for the analysis 
of polymers of unknown and broad distribution. 
Type C silica can perhaps offer some advantages in terms of improved pH, temperature 
stability and elimination of non-SEC interactions. However, the possible advantages are 
merely speculation and were not explored in the presented work. Because silica-hydride 
materials can be modified with a wide range of organic moieties to be used in the RP and 
NP modes, and because surface chemistries involved with type C silica are different to 
those found with type B n-alkylsilicas, they provide an additional venue to investigate the 
separation capabilities for SEC. The author believes in the potential usefulness of 
exploration of aqueous and non-aqueous SEC in one chromatographic run on columns 
packed with type C silica. Nevertheless, the significantly reduced level of silanols on type 
C silica should prompt evaluation of this packing material for aqueous SEC.  
Future experiments can be conducted to extend this work to aqueous and non-aqueous 
SEC on RP and HILIC columns for the determination of different compound types or 
classes in the chemically heterogeneous polymer blends. Because polymers of different 
chemical composition form coils of different sizes and shapes, it is possible to enhance 
these differences by using binary mixtures of solvents that will interact differently with 
the polymer coils, and/or by using an RP or HILIC column that provides selectivity, 
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based on their thermodynamic properties towards the solutes (e.g., “poor” or “good” 
solvent) at a specific chromatographic condition. For instance, the same molar mass PS 
and PMMA polymers, which differ in chemical composition, form coils of similar 
hydrodynamic volumes and therefore elute at the same elution volumes on a C18 column 
using 85/15 (v/v) THF/ACN mobile phase (chapter 3, Figure 3.15). However, increase of 
ACN content in the mobile phase to 40% effectively separates these polymers because 
the size of PS solutes reduces, but the size of PMMA solutes practically does not change. 
Similarly, separation of PS and PMMA solutes of the same molar masses is enhanced on 
the cyano column using neat THF mobile phase, compared to that on the C18 column 
(chapter 3, Figure 3.15). Thus, polymer’s chemical composition can be determined in a 
complex polymer blend, based on the elution volumes. On the other hand, elution of the 
same molar mass polymers at the same elution volumes (achieved by an appropriate 
choice of column stationary phase and a binary mixture of solvents in the mobile phase) 
can be extended to other types of polymers that differ in chemistry or architecture, such 
as branched PS, PMMA, poly(vinyl acetate) (PVAc), etc., and a possibility of universal 
calibration curve for such polymers can be explored. 
The study of temperature effect on the SEC partition coefficients in chapter 3 shows that 
PMMA polymers of the   550 – 46,890 molar mass range elute by near-ideal SEC 
mechanism on RP columns, but PMMA polymers of higher molar masses (above the 
range investigated) may experience a non-ideal SEC at low column temperatures (10-30 
ºC) in mobile phases containing alcohol (methanol, ethanol, 2-propanol). Further 
experiments can be conducted to extend this study to a wider range of PMMA molar 
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masses that would go beyond   46,890, which was included in this study as the higher 
end of PMMA molar mass range. 
Bimodal separation may be required for the quantitation of different types of solutes (e.g., 
hydrophobic and hydrophilic) in one chromatographic run. Such separation was applied 
to a pharmaceutical drug product and was demonstrated on an RP column in chapter 6, 
where hydrophobic compound was retained by the hydrophobic interaction with the 
stationary phase and hydrophilic compound was eluted in size-exclusion mode. This type 
of separation can further be extended to separations on HILIC columns, where water-
soluble hydrophilic analytes could be retained, and hydrophobic analytes - eluted in SEC 
mode. 
Accuracy and repeatability studies in chapter 4 demonstrate the largest error for a blend 
of PS oligomers of approximately 7,000 molar masses (PS 3 sample). The cause of the 
error is possibly due to the difference in the responses for the chain ends and monomer 
units in the blend. However, further investigation is necessary in order to positively 
confirm this. This can be done by using an orthogonal detection mode, such as mass 
spectrometry, that would allow elucidation of the structural differences. 
This work was based on UV detection of polymers that possess chromophores. However, 
many important types of polymers lack chromophores that make their UV detection 
impossible. Detectors used for SEC can be classified into three categories: (i) bulk 
property (refractive index); (ii) structure-selective (UV and infrared absorption 
photometers, fluorescence, mass spectrometer, nuclear magnetic resonance 
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spectrometer); and (iii) molar mass-sensitive (viscometer, light scattering) [52]. Today, in 
order to characterize a wide range of physicochemical properties (e.g., molar mass 
distributions, chemical heterogeneity, long- and short-chain branching, etc.), SEC 
experiments may involve three, four or even five detectors. The acceptance and wide use 
of multidetector is expected to grow and demonstrate its full potential in the near future 
[13]. 
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APPENDIX 1: SUPPLEMENTAL INFORMATION FOR DISCUSSION IN 
SECTION 2.4.1. 
 
Figure A1.1 Separation of polystyrene (PS) standards using unstabilized THF as the mobile phase on 
fluoro-phenyl stationary phase – the same separation as in Figure 2.3 (A). Black trace – blank 
chromatogram (unstabilized THF); colored traces – 3 injections of polystyrene (PS) standard solution 
(molar masses of PS standards (g/mol): 126,000; 51,200; 19,500; 7,350; 2,870; 580). Peak in question (at 
5.8 min) is identified by a red arrow. 
 
Figure A1.2 UV spectrum of the peak in question at 5.8 min in the blank chromatogram (black trace) in 
Figure A1.1. 
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Figure A1.3 (A) UV spectrum of the PS Mp 580 peak at 5.4 min in the PS standard chromatogram (blue 
trace) in Figure A1.1; (B) UV spectrum of the peak in question at 5.8 min in the PS standard chromatogram 
(blue trace) in Figure A1.1. 
 
Figure A1.4 Separation of polystyrene (PS) standards using unstabilized THF as the mobile phase on C18 
stationary phase – the same separation as in Figure 2.3 (B). Black trace – blank chromatogram (unstabilized 
THF); colored traces – 3 injections of polystyrene (PS) standard solution (Molar masses of PS standards 
(g/mol): 126,000; 51,200; 19,500; 7,350; 2,870; 580). Peak in question (at 5.1 min) is identified by a red 
arrow. 
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Figure A1.5 UV spectrum of the peak in question at 5.1 min in the blank chromatogram (black trace) in 
Figure A1.4. 
 
Figure A1.6 (A) UV spectrum of the PS Mp 580 peak at 4.8  min in the PS standard chromatogram (blue 
trace) in Figure A1.4; (B) UV spectrum of the peak in question at 5.1 min in the PS standard chromatogram 
(blue trace) in Figure A1.4. 
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APPENDIX 2: LIST OF SYMBOLS 
    Empirically determined Mark-Houwink constant 
    Angstrom 
    Beta, Greek letter  
     Centimeter 
     A constant of a SEC calibration plot 
     A constant of a SEC calibration plot 
     Degree Celsius 
    MMD dispersity 
     Diffusion coefficient 
    Gram 
      Standard free-energy difference 
    Joule 
      Standard enthalpy difference between phases 
    Boltzmann constant 
    Solute distribution (or partition) coefficient 
     Empirically determined Mark-Houwink constant 
       Partition coefficient in size exclusion chromatography 
        The percent change in      between each temperature and the  
reference temperature 
     Natural logarithm 
      Logarithm 
    Molar mass (g/mol) 
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    Molarity, the number of moles of solute per liter of solution  
     Average molar mass 
     Molar mass of ith molecules 
      Megapascal 
     Microliter 
     Micrometer 
     Milligram 
      Minutes 
     Milliliter 
     Millimeter 
     Number-average molar mass 
      Mole 
     Peak-average molar mass 
     Weight-average molar mass 
     Z-average molar mass 
    Number of replicates 
     The number of ith molecules with molar mass   
     Nanometer 
    Pi = 3.14159, mathematical constant 
     Potential of hydrogen - negative logarithm of the activity of the  
   hydronium ion (H
+
) 
      Pounds per square inch 
    Gas constant 
    Regression coefficient 
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     Stokes radius 
     Viscometric radius of a polymer (nm) 
      Signal-to-noise ratio 
      Standard entropy difference between phases 
T   Absolute temperature 
     Tailing factor 
     Interstitial volume (exclusion volume) (mL) 
     Hydrodynamic volume of a polymer (mL/mol) 
     Pore volume of the packing within the column (mL) 
        Phase ratio (total porosity)  
     Elution volume (or retention volume) of a solute (mL) 
     Total mobile phase volume (total permeation volume) (mL) 
     Weight of molecules of molar mass   
      Intrinsic viscosity of polymer solution (mL/g) 
     Viscosity of the mobile phase 
    Weighing factor that defines a specific average MMD 
      Hildebrand solubility parameter of the j solvent in the mixture 
      Hildebrand solubility parameter of the mixture of solvents 
     Volumetric fraction of the j solvent in the mixture 
    Percent 
    Y-axis, vertical axis of a system of coordinates 
            The value of y at the point where the line crosses the y-axis 
∞   Infinity 
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APPENDIX 3: LIST OF ABBREVIATIONS 
ACN   Acetonitrile 
API   Active pharmaceutical ingredient 
β-CD   β-Cyclodextrin 
BEH   Ethylene-bridged hybrid 
CC   Critical conditions 
CEC   Capillary electrochromatography 
CZE   Capillary zone electrophoresis 
Da   Dalton, unified atomic mass unit 
DMF   Dimethylformamide 
DS   Degree of substitution 
EKC   Electrokinetic chromatography 
EPG   Embedded-polar-group 
EtOH   Ethanol 
GC   Gas chromatography 
GELC   Gradient elution LC 
GLPC   Gas-liquid partition chromatography 
GFC   Gel filtration chromatography 
GPC   Gel permeation chromatography 
Cu   Copper 
Cu(II)   Two-valent copper 
HDC   Hydrodynamic chromatography 
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HETP   Height equivalent to a theoretical plate 
HPLC   High performance liquid chromatography 
IEC   Ion-exchange chromatography 
iLC   Interaction liquid chromatography 
IPA   Isopropyl alcohol (2-propanol) 
IV   Intravenous 
HILIC   Hydrophilic interaction chromatography 
LC   Liquid chromatography 
LCCC   Liquid chromatography under critical conditions 
LC-MS  Liquid chromatography – mass spectrometry 
LLPC   Liquid-liquid partition chromatography 
mAb   Monoclonal antibody 
MMD   Molar mass distribution 
MS   Mass spectrometry 
MeOH   Methanol 
mAbs   Monoclonal antibodies 
NaPSS    Sodium polystyrene sulfonate 
NP   Normal phase 
PEEK    Polyether ether ketone 
PMMA  Poly(methyl methacrylate) 
PVAc   Poly(vinyl acetate) 
PSS     Polystyrene sulfonate 
PS   Polystyrene 
PSP   Pseudostationary phase 
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RP   Reversed-phase 
RP-HPLC  Reversed-phase high performance liquid chromatography 
RSD   Relative standard deviation 
SBE-β-CD  Sulfobutyl ether-β-cyclodextrin 
SEC   Size-exclusion chromatography 
SE-HPLC  Size-exclusion high performance liquid chromatography 
SE-UHPLC  Size-exclusion ultra high performance liquid chromatography 
SFC   Supercritical fluid chromatography 
SR   Substitution range 
TBL   Tosoh bioscience limited liability company 
TFA   Trifluoroacetic acid 
TGIC   Temperature gradient interaction chromatography 
THF   Tetrahydrofuran 
TLC   Thin-layer chromatography 
USP   United States pharmacopoeia 
USP-NF  United States pharmacopeia national formulary 
UV   Ultraviolet 
(v/v)   Volume to volume ratio 
(w/v)   Weight to volume ratio 
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